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Kurzfassung
Thermische Energiespeicher leisten einen wesentlichen Beitrag zu einer nachhaltigen
Energieversorgung: Sie ermöglichen die Flexibilisierung von Energiesystemen und die
Einsparung von Primärenergie. Besondere Vorzüge haben Speichersysteme, die Adsorption
zur Speicherung thermischer Energie nutzen: Sie bieten hohe Speicherdichten, können ein
breites Temperaturspektrum bedienen und durch den Wärmepumpeneﬀekt Abwärmeströme
in die Prozesswärmebereitstellung einbinden.
Die vorliegende Arbeit betrachtet daher einen thermischen Adsorptionsspeicher, der
zur Raum- und Prozesswärmebereitstellung genutzt werden kann. Zur energieeﬃzienten
Bereitstellung von Prozesswärme für einen diskontinuierlichen Industrieprozess kann der
Adsorptionsspeicher mit einer Kraft-Wärme-Kopplungsanlage kombiniert werden. Diese
Anwendung wird im Rahmen dieser Arbeit mittels dynamischer Simulationen untersucht:
Zur Evaluierung des Betriebsverhaltens des Speichers wird ein mathematisches Modell
erstellt und mit Hilfe von vorhandenen Messdaten parametriert. In einer Simulationsstudie
werden Alternativtechnologien, wie Spitzenlastkessel und thermische Phasenwechsel-
speicher, zur Einbindung der Kraft-Wärme-Kopplungsanlage betrachtet und mit dem
thermischen Adsorptionsspeicher hinsichtlich der erreichbaren Primärenergieeinsparung im
Industrieprozess verglichen. Die Studie zeigt, dass durch Einsatz des Adsorptionspeichers
bis zu 25% Primärenergie eingespart werden kann. Dieses Einsparpotenzial wird erreicht,
wenn beim Entladen ein Niedertemperaturwärmestrom aus dem Prozess vorhanden ist
und beim Beladen Niedertemperaturwärme im Prozess benötigt wird.
Methodisch zeigt die Studie auf, dass genaue Modelle, die insbesondere die Wärmeverluste
und die Dynamik des Speichers präzise abbilden, unumgänglich sind für eine sorgfältige
Bewertung des Speichernutzens. Die Basis dafür wird in dieser Arbeit gelegt. Ein neuer
Prüfstand ermöglicht die präzise Charakterisierung von thermischen Adsorptionsspeichern.
In einer experimentellen Studie werden die Wärmeverluste des Adsorptionsspeichers
analysiert. Anschließend werden Speicherzyklen von der Kurzzeitspeicherung bis hin
zur saisonalen Speicherung von thermischer Energie vermessen und die Leistungsfähigkeit
des Speichers analysiert. Der Speicher erreicht eine Wärmerückgewinnungsrate von 69–91%
und eine Energiespeicherdichte von 20.4 kWh/m3.
Mit Hilfe weniger Wärmeverlustmessungen sowie einer Zyklusmessung wird das anfangs
eingeführte Modell des Speichers verbessert und umfassend validiert. Das Modell erreicht
eine – im Vergleich zur Literatur sehr gute – Vorhersagegenauigkeit für industrielle
und Gebäudeheizanwendungen. Die vorliegende Arbeit bietet somit die Basis für
zukünftige Systemanalysen und die Erschließung neuer Anwendungsfelder für thermische
Adsorptionsspeicher.
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Abstract
Thermal energy storage (TES) helps to reduce energy consumption and peak demands by
balancing heat supply and demand on all time scales from short-term to seasonal. Thus,
TES is an important technology to improve ﬂexibility and eﬃciency of energy systems.
In particular, adsorption TES systems, which exploit the enthalpy of adsorption, provide
high energy storage density and high eﬃciency.
The present thesis therefore analyzes an adsorption TES unit for residential and industrial
applications. Industrial energy supply can be made more eﬃcient by integrating waste
heat into the process heat supply and by using energy-eﬃcient technologies. Adsorption
TES contributes to both approaches: waste heat can be integrated via the heat pump
eﬀect and TES allows for energy-eﬃcient cogeneration heat supply for batch processes.
We evaluate the energy eﬃciency of the heat supply for an industrial batch process by
adsorption TES and cogeneration. To evaluate the performance, a dynamic model of an
adsorption TES unit is developed. Measurements from earlier experimental investigations
of an adsorption TES unit are used to calibrate the storage model. As benchmark, a
peak boiler and TES based on a phase-change material are considered. Our comparison
demonstrates the signiﬁcance of the process conditions for the choice of the appropriate
technology. The study shows that adsorption TES oﬀers signiﬁcant potential to increase
the energy eﬃciency: primary energy consumption can be reduced by up to 25%. The
key is the availability of low-grade heat at times of discharging and of a low-grade heat
demand when charging the storage unit.
The study reveals that a comprehensive evaluation of the storage performance requires
dynamic models that precisely describe the storage performance and the heat losses in
particular. The present thesis provides the basis with a new experimental setup to precisely
characterize the adsorption TES unit. In an experimental analysis of the TES performance,
we quantify the heat losses, the energy recovery ratio (69–91%) and the energy storage
density (20.4 kWh/m3) of the adsorption TES unit for varying charging temperatures and
storage times ranging from continuous operation to seasonal storage.
The extensive experimental study provides the basis to improve our model of the
adsorption TES unit. The model is calibrated to heat-loss measurements and a storage-
cycle measurement. We quantify the simulation accuracy and validate the model with
measurements at various process conditions. The model achieves a higher prediction
accuracy than other models from literature. The thesis thus provides a basis for future
investigations of energy systems to exploit the advantages of adsorption TES.
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Notation
Latin letters
a coeﬃcient (J/kg)
A adsorption potential (J/kg)
A area (m2)
c speciﬁc heat capacity (J/(kgK))
d thickness (m)
D mass-transfer coeﬃcient (m2/s)
f factor or function
F function
Gr Grashof number (-)
h height (m)
h speciﬁc enthalpy (J/kg)
H˙ enthalpy ﬂow rate (J/s)
I input variable
kt student’s t-distribution factor (-)
m mass (kg)
m˙ mass ﬂow rate (kg/s)
N number of output variables
Nu Nusselt number (-)
Pr Prandtl number (-)
p pressure (Pa)
P parameter
Q˙ heat ﬂow rate (J/s)
Q heat (J)
r radius (m)
t time (s)
T temperature (K)
u uncertainty
u speciﬁc internal energy (J/kg)
U internal energy (J)
U95% expanded uncertainty
UA heat-transfer coeﬃcient (W/K)
V volume (m3)
XV
Notation
V˙ volume ﬂow rate (m3/s)
w water loading (kg/kg)
W volume of adsorbate (m3/kg)
x variable
X diﬀerential state
Y output variable
Z algebraic state
Greek letters
α heat-transfer coeﬃcient (WK/m2)
Δ diﬀerence
ε emissivity (-)
η energy recovery ratio (-), eﬃciency (-), dynamic viscosity (Pa s)
λ thermal conductivity (W/(Km))
 density (kg/m3)
σ Stefan-Boltzmann constant
τ storage time (s)
Acronyms
A adsorber
C+ heat from condensation is used
C- heat from condensation is not used
CV coeﬃcient of performance
DAE diﬀerential algebraic equations
ΔErel relative deviation of thermal energy
E evaporator
E+ heat is freely available for vaporization
E- heat has to be provided for vaporization
ERR energy recovery ratio
ESD energy storage density
GUM Guide to the expression of Uncertainty in Measurement
HTF heat-transfer ﬂuid
HX heat exchanger
PEC primary energy consumption
RMSD root mean square deviation
TES thermal energy storage
VDI German association of engineers
VLE vapor-liquid equilibrium
XVI
Subscripts and superscripts
0 start value
2 h for 2 hours storage time
95% conﬁdence level of 95%
ac related to ads-cas
ad adsorptive water (in adsorbed state)
ads adsorber surface, adsorbent, adsorption (discharging)
ads-cas adsorber to casing
A-E adsorber to evaporator
A-env adsorber casing to environment
A,HX adsorbent to adsorber heat exchanger
AHX,i element i of adsorber heat exchanger
A,in adsorber inlet
A,out adsorber outlet
A,lam steel lamellae of the adsorber heat exchanger
calc calculated
cas casing
cas-env casing to environment
ce related to cas-env
circulation oil circulation system
cond condensation
conti for continuous cyclic operation
cycle storage-cycle measurements
des desorption (charging)
ΔT temperature diﬀerence
E-A evaporator to adsorber
E,ave average value for evaporator
E-env evaporator to environment
E,HX evaporator heat exchanger
EHX,i element i of evaporator heat exchanger
E,i inner side of evaporator heat exchanger tube
E,in evaporator inlet
E,out evaporator outlet
E,met evaporator metal parts: steel trays and casing
eﬀ eﬀective
evap vaporization or evaporator
env environment or ambient temperature
HX heat exchanger
in during charging
ins insulation
L Lanzerath
XVII
Notation
l liquid
ln logarithmic
loss heat loss
lossless for lossless operation
m related to mass
max maximum
meas measured
min minimum
norm normalized
oil heat-transfer oil
out during discharging
p at constant pressure
pipe-loss heat loss of oil pipes
pl related to pipe-loss
rel relative
s saturated
seasonal seasonal storage
sim simulated
steady-state for steady state conditions
store storage unit
storage storage period
t t-distribution
TC thermocouple
v vapor, vaporization
w water
VDI according to VDI
zeo zeolite
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1 Introduction
Climate change is an increasingly urgent problem that causes severe and irreversible
impact for people and ecosystems [1]. Thus, climate change has to be stopped or at
least be mitigated. To mitigate climate change, greenhouse-gas emissions have to be
reduced drastically. The main measures to achieve this reduction are the decrease of
fossil-energy consumption and the transformation of energy-supply systems towards more
sustainable systems. These sustainable systems have to be based on renewable-energy
sources. However, the increased use of renewable-energy sources requires a ﬂexible energy
system [2].
To provide ﬂexibility to energy systems, energy storage is a promising option [3]. Energy
storage helps to decouple supply and demand: surplus energy can be stored for later use
and peak-energy consumption can be reduced. Energy storage thus helps to reduce energy
consumption by improving the resource-use eﬃciency of an energy system [4].
Amongst the total energy consumption in the German energy system, up to 47% of
the energy is used to provide process heat and residential heating [5]. To eﬃciently
provide this heat, a sustainable energy system can be supported by thermal energy
storage (TES) technologies [6]. TES systems can be charged by both surplus heat and
surplus electricity and hence eﬀectively bridge the gap between energy supply and heat
demand [7]. Further beneﬁts of TES systems are, according to Hyman [6]: lower facility
energy costs, reduced energy consumption, improved facility plant eﬃciencies, smaller
energy production equipment requirements, and more ﬂexible plant operations. Given
their relevance, TES systems are in focus of this thesis.
In particular, TES systems based on sorption processes oﬀer major beneﬁts as recently
reviewed by Yu et al. [8]. Sorption systems provide energy storage by separation of (at
least) two materials. The stored energy can be recovered as a heat ﬂow when the materials
recombine and enthalpy of sorption is released. Due to the high enthalpy of sorption, very
high energy storage densities can be achieved by sorption TES systems [9]. Sorption TES
systems are further able to shift heat ﬂows both in time and temperature: due to the heat
pump eﬀect, sorption TES can make use of waste heat for process heat supply.
1
1 Introduction
Sorption systems can be divided into absorption and adsorption systems [8]. They diﬀer
by the physical state of the sorbent which is liquid in absorption and solid in adsorption
systems. Absorption systems often suﬀer from crystallization and corrosion [10] and are
thus more diﬃcult to handle than adsorption systems, which are analyzed in this thesis.
Adsorption systems for thermal energy storage are studied by several research groups all
over the world. In particular, advanced materials for adsorption TES are developed to
provide even higher energy storage densities [11–15]. Yet, to eﬃciently exploit the beneﬁts
of advanced materials, a storage unit requires a compact design and has to provide an
advantage to the overall system it is integrated in, e.g. to lead to more eﬃcient energy
use. However, even though many research studies are ongoing, very few eﬃcient TES
systems have been realized so far [16]. Further research on eﬃciencies and comprehensive
analysis of system performance is required to harvest the potential of adsorption TES [8,
16]. Hence, this thesis focuses on the performance analysis of a given adsorption TES unit
on the system level.
This thesis considers adsorption TES with a well-known material, zeolite, which is widely
used as an eco-friendly catalyst [17] and detergent builder [18]. For adsorption TES, zeolite
is mostly combined with water as eco-friendly adsorbate with high adsorption enthalpy.
Zeolite thus oﬀers particular beneﬁts for adsorption TES [19], such as high energy storage
densities. Moreover, adsorption TES with zeolite can be applied to diﬀerent applications
on various temperature levels [20]: both heating and refrigeration [21] may be provided.
Adsorption TES with zeolite and water can be operated in reactors which are open to the
environment, or in closed reactors. For applications where compact and eﬃcient storage
devices are needed, Yu et al. [8] recommend closed adsorption systems. Such a closed
adsorption TES unit is studied in this thesis.
Lass-Seyoum et al. [20] assume that adsorption units can store thermal energy without
signiﬁcant heat losses. This assumption holds true for the latent part of the stored thermal
energy, but sensible thermal energy is partly lost during storage operation [22]. Since heat
losses are crucial for TES performance, they need to be quantiﬁed to apply storage in
practice.
Furthermore, a comprehensive performance analysis has to consider both the storage unit
and the system integration. To analyze the storage performance in the system context, the
interaction of the storage unit with the system has to be studied for all relevant operating
conditions. Conducting such a study experimentally requires a lot of eﬀort. A model-based
approach facilitates the analysis, but requires a valid description of the characteristics of
the storage system [23].
2
Structure of the thesis
Besides the analysis of all relevant operating conditions, a thorough evaluation of the
performance of an adsorption TES system requires a comparison to alternative solutions
to provide a beneﬁt to the energy system. These issues are addressed in this thesis which
is structured as follows.
Structure of the thesis
This thesis contributes to characterizing the performance of adsorption TES systems
through experiment and simulation. In Chapter 2, the current research and state of the art
are brieﬂy reviewed. We examine both the applications and the characterization methods
of adsorption TES systems. Thereby, shortcomings of the existing methods are identiﬁed.
In conclusion of Chapter 2, the particular contributions of this thesis are outlined.
In Chapter 3, we1 brieﬂy present the adsorption TES prototype that is used in this thesis.
The performance of adsorption TES is evaluated for a new application in Chapter 4. Based
on preliminary experiments with our prototype, a dynamic model is developed to analyze
adsorption TES for cogeneration heat supply of an industrial batch process. For this
application, the potential of adsorption TES is compared to alternative solutions to reduce
primary energy consumption.
The study in Chapter 4 reveals the need for the precise knowledge of storage performance
including heat losses. Thus, in the following chapters, we elaborate the adsorption TES
characteristics and their precise description.
To rigorously quantify the performance of our adsorption TES unit, a new experimental
setup is developed and brieﬂy described in Chapter 5.
In Chapter 6, we determine the heat losses of our adsorption TES unit from steady-state
measurements of the adsorber. We further analyze the storage performance during cycle
measurements for charging temperatures of 175–250 ◦C. The energy recovery ratio and
the energy storage density are quantiﬁed for cycles with various storage times, ranging
from direct discharging to seasonal storage. The experimental results allow for a reﬁned
modeling of our adsorption TES unit.
1This thesis is written in the pluralis modestiae to avoid the excessive use of passive voice.
3
1 Introduction
Chapter 7 contains a description of the model improvements and of the calibration approach.
The model is further validated with additional measurements covering various operation
conditions to enable a simulation-based analysis of storage applications.
We ﬁnally draw the conclusions to this thesis in Chapter 8 and outline ideas for further
research.
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Adsorption Thermal Energy Storage
In this chapter, we present the state of the art that is relevant to this thesis. The adsorption
process is introduced for thermal energy storage in Section 2.1. Then, we identify the steps
required to analyze the performance of adsorption thermal energy storage (adsorption TES)
with the future goal to successfully apply adsorption TES systems in practice. Measures
for the performance of an adsorption TES system are introduced in Section 2.2.
In Section 2.3, an overview of applications that beneﬁt from the use of adsorption TES
systems is given. The next sections deal with the characterization and modeling of
adsorption TES units: in Section 2.4, we examine the inﬂuence of heat losses on adsorption
TES performance and the methods to quantify heat losses. Finally, the state of the art
in modeling of adsorption TES systems is presented in Section 2.5. In conclusion of this
chapter, the contribution of this thesis is outlined in Section 2.6.
2.1 The principle of adsorption thermal energy storage
Thermal energy storage (TES) technologies are classiﬁed by their physical principle to store
energy: sensible, latent or thermochemical [24]. Sensible TES is the storage of thermal
energy by increasing the temperature of a storage material. Latent TES systems make use
of the large enthalpy change during phase transition of a storage material. Thermochemical
energy storage refers to reversible thermochemical reactions, absorption or adsorption
processes for thermal energy storage [25]. For a general overview of TES technologies and
applications, we refer to Cabeza et al. [24]. Kerskes [25] gives an overview of the topic of
thermochemical energy storage with some practical examples.
Thermochemical energy storage materials usually consist of two components (= working
pair) that are separated during charging, usually with one component in gaseous state.
The enthalpy of reaction or of sorption of the working pair provides the basis for the TES
performance. Amongst the storage principles, thermochemical energy storage has the
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greatest potential for high storage capacities and energy storage for long periods of time
with limited heat loss [16]. A recent review on thermochemical energy storage systems can
be found in the PhD-thesis of Fopah Lele [26].
The required temperature range of storage use determines which storage material is
suited. Yan et al. [27] review available thermochemical reaction materials for thermal
energy storage. Thermochemical reactions are primarily applied to storage at very high
temperatures (300–1000 ◦C) such as storage in concentrated solar power plants [28], whereas
sorption materials are rather applicable to middle and low temperature storage (20–300 ◦C),
such as storage of solar thermal energy. Yu et al. [8] published an overview of sorption
TES for solar energy.
The basic working principle is similar for all types of thermochemical energy storage.
Thermo-chemical energy storage systems can be operated in closed or open reactors. The
open-reactor mode is usually operated with ambient air and with water as the gaseous
component of the working pair. Closed-reactor systems can work with all kinds of working
pairs and at high pressure or vacuum conditions. Figure 2.1 shows the working principle
for the TES system investigated in this thesis: a closed reactor with the adsorption working
pair zeolite and water. Zeolite is then called the adsorbent and water is the adsorptive.
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Figure 2.1: Working principle of adsorption thermal energy storage with zeolite and water:
during charging, the heat input Qdes is used to desorb the zeolite. Released water
vapor is condensed. During discharging, water evaporates and is adsorbed by the
zeolite, releasing the heat output Qads.
During charging, the heat input Qdes leads to an increase of the temperature in the zeolite
and to desorption, i.e. to the release of water vapor. The released water vapor can be
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condensed at a lower temperature. The enthalpy of condensation can be used as low
temperature heat Qcond or be dismissed to the environment. During the storage period,
zeolite and water are stored separately until the stored thermal energy is needed. During
discharging of the storage unit, the charging process is reversed: low-grade heat Qevap is
used to evaporate water at low temperatures. The water vapor is adsorbed by the zeolite.
Hereby, the enthalpy of adsorption is released and can be used as process heat Qads at a
higher temperature.
Closed-adsorption TES systems thus have the same operation modes as adsorption heat
pumps [29]. In contrast, adsorption and desorption periods of the storage process are often
separated in time. The details of the storage process, including temperatures and period
times, are determined by the energy system in which the TES unit is integrated.
If the energy system faces a mismatch between thermal energy supply and demand, a
TES unit may provide the necessary ﬂexibility to overcome this mismatch. The mismatch
can be in temperature, heat ﬂow rate, space or time. The temporal mismatch deﬁnes
the storage time, i.e. long-term or short-term storage. Spatial mismatch requires mobile
storage systems. A mismatch in heat ﬂow rate is overcome by thermal-load shifting. A
mismatch in temperature can be met by heat transformation, i.e. by using the heat-pump
eﬀect. Adsorption TES is able to provide all kinds of this ﬂexibility to thermal energy
systems.
To provide ﬂexibility, the TES system has to provide the required thermal power during
discharging. Controlling the power output is an unsolved issue for adsorption TES systems
[30], due to the pronounced adsorption dynamics. For an open-adsorption TES system,
Michel et al. [31] observe that the inlet-air conditions, such as the humidity, are relevant to
regulate the thermal power and the temperature of the heat output. The equivalent to the
input-air humidity of an open system would be the water vapor pressure in a closed system.
For a closed system, Yu et al. [30] propose to control the power output by regulating the
ﬂow rate of the heat transfer ﬂuid with a variable frequency pump. However, research on
this control strategy is still due.
2.2 Assessment of adsorption thermal energy storage
In general, a thermal energy storage (TES) system should provide a beneﬁt to an
energy system, such as lower energy consumption or smaller energy-supply-equipment
requirements [6] compared to alternative solutions. To achieve a beneﬁt, a TES unit has
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to provide unique features, such as heating and cooling with the same unit or it has to be
compact and oﬀer good performance, i.e. high energy eﬃciency.
The compactness of a TES unit can be measured with the energy storage density ESD.
The energy storage density ESD is generally deﬁned as the ratio of the discharging heat
Qused and a reference value that describes the size of the system: typically, the reference is
a mass mref or a reference volume Vref :
ESD = Qused
Vref
or (2.1)
ESDm =
Qused
mref
. (2.2)
Some studies calculate the energy storage density ESDm based on the mass of the dry
adsorbent [32, 33]. Typical adsorbents though have a low volumetric mass density, which
certainly leads to larger values of the mass-related ESDm than for volume-related deﬁnitions.
The deﬁnition of the reference volume ranges from the volume of the adsorbent material
[29, 34], the volume of the adsorbent plus the heat exchanger, the volume of the adsorber
including heat exchanger and casing [35], to the volume of the complete storage unit
including adsorber and evaporator [29]. The reference value is crucial when it comes to
comparing performance measures of storage systems.
Besides the reference value, the deﬁnition of the ESD may also vary in the energy used
for the calculation. Aydin et al. [16], for example, calculate the ESD with the maximum
chemical potential of the material. The maximum chemical potential of an adsorption
material can be calculated by multiplying the maximum amount of adsorptive in equilibrium
with the adsorbent, with the enthalpy of adsorption. This deﬁnition of the ESD is thus
independent from any application or temperatures. However, the achievable energy storage
density ESD strongly depends on the process conditions and the proﬁle of the heat demand
and supply [8], i.e. the temperatures of adsorption, desorption, condensation, vaporization,
the time proﬁle and the power requirements.
The performance of a TES system can be quantiﬁed with the energy recovery ratio ERR.
In general, the energy recovery ratio ERR is deﬁned as
ERR = Qused
Qeﬀort
, (2.3)
i.e. the ratio of the usable heat Qused released from the storage unit and used in the process
to the heat Qeﬀort provided to the storage unit.
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The heat ﬂows of the TES unit can be transferred at various temperatures. These
temperatures have a strong inﬂuence on the performance. For an adsorption TES system,
the low-grade heat, which is transferred at low temperature during condensation and
vaporization, is crucial to the performance. However, the eﬀect of the low-grade-heat
temperature on storage performance is still largely unexplored [8].
The temperatures of the heat ﬂows of the TES unit are determined by the energy system.
Besides temperatures, the heat ﬂow rates are also inﬂuenced by the energy system. In
general, thermal energy storage is not a stand-alone technology, but operates in response
to the system [6]. As a result, the entire energy system has to be considered to quantify
the storage potential for energy savings.
Besides energy savings, the economics of TES systems are relevant. Economic evaluation is
implicitly considered, because performance measures used in this thesis are related to the
economics of a TES system. The economics of a TES system depend on three factors [36]:
(1) the costs per installed capacity, related to the energy storage density ESD; (2) the
energy costs, related to the energy recovery ratio ERR; and (3) the number of cycles per
year, which is determined by the application.
Finally, to get a deﬁnite statement on the beneﬁts of adsorption TES, we need to benchmark
adsorption TES to the most energy eﬃcient supply system for a speciﬁc application.
Depending on the process, the most eﬃcient energy supply can be achieved by diﬀerent
technologies [37]. Typically however, adsorption TES concepts are not compared to the
best alternative solution, but to solutions without any storage [38], or to water storage
[39].
According to Aydin et al. [16], the goal of obtaining competitive adsorption TES systems
requires more research on eﬃciencies and comprehensive performance analysis. We can
conclude from this section that a holistic assessment of adsorption TES requires (1) the
analysis of the storage performance depending on the process conditions and (2) the
comparison to alternative technologies for a given application.
2.3 Applications for adsorption thermal energy storage
Adsorption systems can store thermal energy over a wide range of temperatures
[19]. Therefore, adsorption thermal energy storage (TES) systems are suited for
various applications; examples are given in the following literature review. Starting
with commercialized adsorption TES systems in Section 2.3.1, Section 2.3.2 focuses on
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residential heating, which is widely considered for adsorption TES. Section 2.3.3 deals
with TES for industrial processes.
2.3.1 Current commercial applications
Two known commercial domestic applications are small-scale adsorption TES systems with
few kg of adsorbent material: an energy eﬃcient dishwasher with an open-adsorption TES
unit [40] and a self-cooling beer keg with a closed-adsorption TES unit [41]. These two
example applications gain unique features by adsorption TES.
The dishwasher uses the water adsorption capacity of zeolite for drying the dishes. The
integration of the adsorption TES unit into the dishwasher system allows exploiting
both the adsorption enthalpy during discharging, i.e. the dish-drying period, and the
condensation enthalpy of the desorbed water during charging, i.e. the dish-washing period.
The heat for desorption, used to dry the zeolite, is thus partly recovered by condensation
to heat the wash water. The smart TES integration saves up to 25% energy compared to
a conventional dish-washer [42].
The self-cooling beer keg makes use of the refrigeration capacity of adsorption systems.
The beer keg is equipped with a jacket of water and preconditioned, dry zeolite, separated
by a valve. Once the consumer opens this valve, the water is adsorbed by the zeolite
and evaporative cooling yields cold beer. Hence, the adsorption TES unit provides the
consumer with a cold beverage at any time, without a fridge or electricity at hand. The
storage unit is recharged at 500 ◦C by the keg manufacturer while the beer is reﬁlled [41].
2.3.2 Residential heating
The application of residential heating is characterized by temperatures for discharging
between 30–80 ◦C [43] and the main use period is in winter. Many studies of adsorption
TES deal with residential heating applications, because residential heating is considered
promising to harvest a large energy savings potential [44]. Since this section focuses on
adsorption systems, the reader is referred to Heier et al. [45] for an extensive literature
review of thermal energy storage for residential heating.
For residential heating by solar heat, practical feasibility of adsorption TES has been
demonstrated by Bales et al. [29], in the solar heating and cooling programme of the
International Energy Agency (IEA SHC, task 32). The energy storage density of the
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investigated closed-adsorption TES system [46] was below the benchmark of a sensible
water TES system [29]. As a result, research on enhanced storage materials was intensiﬁed
[47].
Amongst others, Fopah Lele [26] is searching for new TES materials, based on
thermochemical reactions, for residential applications. Yet, thermochemical storage
materials suﬀer from low thermo-mechanical stability and slow reaction kinetics [47].
Li et al. [33] experimentally tested a closed system with a new adsorption material with
enhanced water uptake. However, the design of the storage unit, a thin coating on a
massive heat exchanger structure, prevents the storage unit from reaching high energy
densities [48]. Yu et al. [32] characterized a closed, lab-scale reactor with a novel ad- and
absorption cycle with a new material for thermal energy storage. Their prototype does
not yet achieve the target energy storage density. Hence, Yu et al. [32] conclude that more
research on system modeling and design is necessary.
An innovative system design for adsorption TES in residential heating was introduced
by Hauer [41]: a district-heating net is equipped with a multipurpose, open-adsorption
TES system. The TES unit is used once a day to provide heating in winter and cooling in
summer. With 250 cycles per year and certain assumptions for thermal energy prices and
investment costs, Hauer [41] estimate payback times of 8 years.
In the context of innovative systems for residential heating, Fehrenbach et al. [49] conclude
that thermal energy storage can help to provide the ﬂexibility which is necessary for load
leveling in electricity grids. In combination with cogeneration or heat pumps, a TES unit
can decouple electricity from heat supply. For the purpose of load leveling in electricity
grids, adsorption TES can be applied to residential heating with storage periods of up to
several hours.
Johannes et al. [50] experimentally investigate an open reactor with zeolite for 2-6 h energy
release to be able to shave electricity peak loads in the French electricity grid. They
successfully tested an 80 kg prototype with an energy recovery ratio of ERR = 34 − 55%.
However, the energy recovery ratio has to be further improved to apply adsorption TES
systems in practice.
Seasonal thermal energy storage
A special case of residential heating is much in focus of researchers: seasonal TES
applications. For more information on seasonal TES in general, we refer to Xu et al. [51].
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Mette et al. [52] give an overview of concepts for seasonal TES with thermochemical
systems. Seasonal TES is currently studied on all scales: Dicaire et al. [53] investigate a
small reactor with few grams of zeolite. Gaeini et al. [54] analyze system kinetics for an open
reactor with 317 g of zeolite. Michel et al. [31] propose an open-bed prototype with 400 kg
of a salt hydrate. On demonstration scale, two EU-projects develop closed-adsorption
systems based on zeolite: Heatsaver-Demo [55] and COMTES [56].
Mostly, open adsorption reactors are applied as seasonal storage units, due to a simpler
design [57]. Recently, Lefebvre and Tezel [58] published a review on adsorption TES
for heating applications and conclude that adsorption TES can become a competitive
technology for speciﬁc applications in the near future with material development and
system optimization. But then, the economics are still very diﬃcult for seasonal energy
storage applications, due to long payback times with at most two cycles per year [36] (cf.
Section 2.2).
2.3.3 Industrial processes
Considerable eﬀort is invested to reduce energy expense and greenhouse gas emissions
in industrial processes. In industrial processes, major energy savings can be obtained by
establishing eﬃcient energy supply systems [59] or by waste heat recovery.
In their recent review, Miró et al. [60] conclude a large potential for industrial waste heat
recovery with thermal energy storage. However, only few thermochemical projects have
been realized so far. One mobile TES system is reported: The MOPS prototype is a
large-scale open-adsorption system based on 14 t of zeolite transporting heat from e.g.
waste incineration to industrial drying processes [61, 62]. Krönauer et al. [62] conclude
that the mobile storage system is nowadays not competitive to conventional fuels due to
energy costs, but they are optimistic for future scenarios with CO2-certiﬁcates trading.
Eﬃcient energy supply can be realized by cogeneration providing combined heat and power
[63]. However, combined supply of heat and power is only energy eﬃcient if time proﬁles
match for the diﬀerent energy demands and supplies. A perfect match is rarely found
in real processes. In this case, the heat demand usually dictates the operation of the
cogeneration unit. But heat demand is often discontinuous, especially for batch processes,
resulting in few full load hours of the cogeneration unit. To satisfy the discontinuous
demand and to distribute heat, thermal energy storage can be applied [64]. Thermal
energy storage then allows for smaller cogeneration units running at optimal eﬃciency and
with increased full load hours [65].
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In order to realize an eﬃcient cogeneration system with thermal energy storage, the
storage technology has to be chosen according to the speciﬁc process settings: ﬁrst of all,
the temperature of the heat supply from the TES unit has to ﬁt the heat demand [66],
which is in a temperature range of T = 100 − 200 ◦C for many industrial applications [67].
Adsorption TES oﬀers a suitable large range of working temperatures between 60 and
300 ◦C [19].
Moreover, the energy storage density of the TES system should be high to reduce space and
cost requirements. High thermal energy storage densities can be provided by adsorption
[8]. In addition, adsorption TES allows exploiting the heat pump eﬀect whereby low-grade
heat can be integrated into the process heat supply to enhance energy eﬃciency [68].
Consequently, integrating adsorption TES into energy supply systems with cogeneration
has the potential to reduce energy costs and greenhouse-gas emissions.
Closed adsorption systems are more compact and more eﬃcient than open systems [8].
Closed adsorption reactors can even reach higher temperatures during discharging [69].
These features make closed-adsorption systems especially applicable for thermal energy
storage in industrial processes.
Lass-Seyoum et al. [20] propose to combine cogeneration with a closed-adsorption system
as thermal energy storage for temperature-ﬂexible heat supply of industrial processes or
heating applications. They test diﬀerent reactor designs and experimentally determine
storage densities on diﬀerent reactor scales, for variable temperature conditions up to
200 ◦C. However, Lass-Seyoum et al. [20] did not specify an industrial process. The storage
integration study presented in Chapter 4 is, to the best of our knowledge, the ﬁrst to
analyze the performance of a closed-adsorption TES unit in the context of a given industrial
process.
Later, Shirai and Osaka [70] published a simulation study on industrial energy supply
for food and automobile factories in Japan. They optimize the energy supply with a
combination of cogeneration and a thermochemical energy storage system proposed by
Kato et al. [38]. With an energy recovery ratio of 30%, the TES system helps to reduce
the primary energy use of the automobile factory by 1.5%, but no potential for savings
was found in the food factory [70].
A benchmarking study comparing two energy storage technologies was presented by De
Boer et al. [71]. They compare a latent storage system to concrete storage for an industrial
batch process to produce organic surfactants. The storage systems achieve energy savings of
50–70%. De Boer et al. ﬁnd out that the concrete storage oﬀers higher eﬃciency increase,
because it better matches the process requirements in terms of heat transfer rate and
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capacity, but with a very large reactor. Latent storage oﬀers much higher storage densities
compared to sensible TES, however, the latent storage system has to be severely oversized
due to low heat transfer rates. Thus, the TES technology with the potentially higher
energy storage density, i.e. latent TES compared to sensible TES [9], is not necessarily
superior.
To conclude, industrial processes oﬀer multiple applications for adsorption TES systems,
mostly with higher temperatures than residential heating and cycle times of up to several
hours [60]. Shorter cycle times increase the annual number of storage cycles, which
is beneﬁcial for the economic feasibility of a storage application [36]. However, higher
temperatures lead to larger heat losses. The following section thus addresses heat losses of
adsorption TES.
2.4 Heat losses of adsorption thermal energy storage
When thermal energy is stored, heat losses have to be taken into account [51]. Even
though thermochemical energy storage systems are often said to store thermal energy
without signiﬁcant heat losses [20], this is only true for the enthalpy of adsorption. The
thermochemical eﬀect is lossless, but sensible thermal energy is lost during storage operation.
Heat loss is often neglected, especially in preliminary design studies. However, a thorough
evaluation of thermochemical energy storage systems requires consideration of heat losses
during storage operation [22].
Xu et al. [51] emphasize that heat losses have to be addressed, in particular during
discharging of adsorption thermal energy storage (adsorption TES) systems. After cooling
down to ambient temperature, the storage materials have to be reheated to the discharging
temperature, resulting in substantial heat losses, especially for seasonal TES systems [46].
Furthermore, Mette et al. [72] emphasize the importance of heat losses from the reactor
wall to accurately describe the adsorption TES performance during charging. Dicaire
et al. [34] attribute the diﬀerence between charging and discharging energy to both the
reheating and to heat losses.
2.4.1 Inﬂuence of heat losses on storage performance
Losses of stored thermal energy have a negative impact on storage performance. Dawoud
et al. [35] experimentally observe that the wall temperature of the storage casing decreases
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due to heat losses during a 5 h storage period. In particular, Dawoud et al. [35] attribute
the heat losses of their closed-adsorption TES system to radiation inside the adsorber.
They propose a radiation shield to reduce heat losses.
In experiments with a charging temperature of 150 ◦C and discharging to 40 ◦C, the system
of Dawoud et al. [35] reaches a maximum energy recovery ratio of 67% and an energy
output density of 92 kWh/m3 based on the volume of the adsorber.
Li et al. [33] experimentally investigate a closed-adsorption TES system with a coated heat
exchanger at 70 ◦C charging temperature and discharging until 30 ◦C. Their system reaches
an energy recovery ratio of 96% and an energy storage density of 805 kJ/kg based on the
adsorbent mass. To enhance the storage density, they propose to add more adsorbent
between the heat exchanger ﬁns. Li et al. [33] also propose a radiation shield to reduce
heat losses.
Without heat losses, the energy storage density of adsorption TES systems increases with
charging temperature [34], since more water is removed from the adsorbent increasing the
storage capacity. But part of the thermal energy is stored sensibly. The ratio of sensible
to latent energy1 in an adsorption TES system depends on the working pair and on the
temperature: e.g. Yu et al. [32] report a ratio of 0.75 (sensible/latent) at 85 ◦C charging
temperature for their consolidated sorbent, i.e. activated carbon, silica solution and LiCl.
For this system, the ratio decreases with charging temperature. In contrast, Jiang and
Zhu et al. [73, 74] report a ratio of 0.9 (sensible/latent) at 155 ◦C, increasing with charging
temperature, for their MnCl2–CaCl2–NH3 resorption system. Besides the working pair
and temperature conditions, the ratio of sensible to latent energy also depends on the
geometry of the storage unit, i.e. the ratio of metal in the heat exchanger to adsorbent
material. In any case, the part of the energy that is stored sensibly is prone to heat losses.
The heat losses certainly increase with temperature and lead to a decrease of the energy
recovery ratio [34, 51]. To maximize the energy recovery ratio and the energy storage
density, it is essential to determine the optimal storage temperature [51]. In order to
determine a suitable storage temperature for optimal performance in terms of energy
storage density and energy recovery ratio, knowledge of heat losses is important. Heat
losses also have to be quantiﬁed for the determination of eﬃciencies during charging
and discharging. These eﬃciencies are important measures to evaluate storage-cycle
performance [75].
1In literature, this ratio is often referred to as ”sensible to latent heat”. In this thesis, we use the term
”sensible to latent energy”, which is thermodynamically more correct.
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2.4.2 Determination of heat losses
Heat losses can be calculated on the basis of empirical Nusselt2 correlations [76]. Heat-
loss coeﬃcients based on Nusselt correlations are used by Zanganeh et al. [77] in their
simulation study of a large-scale sensible TES system; they ﬁnd good agreement with
measurement data. For a small-scale sensible TES system, Anderson et al. [78] show that
heat losses based on Nusselt correlations enhance the simulation accuracy. Still, their
simulations diﬀer signiﬁcantly from their measured results.
Nusselt correlations have also been used by Angrisani et al. [79] to calculate heat losses
of a water storage unit. Their measured heat losses are four times larger than empirical
predictions presumably due to thermal bridges. Gaeini et al. [54] experience the opposite:
heat losses in the measurements are four times lower than calculated heat losses. Hence,
heat-loss coeﬃcients for TES units should be validated experimentally.
Schaube et al. [80] calculate a constant heat-loss coeﬃcient from cooldown curves. Their
calculations are based on strong simpliﬁcations to describe the change of internal energy
of the storage unit. Bales et al. [81] use measurement data of charging and discharging
cycles to ﬁt a constant heat-loss coeﬃcient for a closed-adsorption TES system. However,
their result is inﬂuenced by the heat and mass transfer limitations inside the storage
unit [82]. To decouple the processes inside from the heat losses outside of the storage unit,
more information is necessary. Fopah Lele et al. [83] conclude that they cannot verify
the heat losses of their closed thermochemical reactor, because of missing information on
the reactor-wall temperature. Moreover, the heat ﬂow rate on the reactor wall cannot be
determined separately from transient measurements. To conclude, the simultaneous change
of sensible and latent internal energy makes the quantiﬁcation of heat-loss coeﬃcients from
storage-cycle or cooldown measurements diﬃcult.
A steady-state approach to determine heat-loss coeﬃcients for TES units was introduced
by Mawire et al. [84]. Pal et al. [85] also use steady-state measurements to calculate heat
losses for the open-adsorption storage system of Dicaire et al. [34]. From steady-state
measurements of a latent cold-TES system, Osterman et al. [86] derive heat-loss coeﬃcients
and use them to estimate heat losses during storage-cycle measurements.
2Correlations for heat-transfer coeﬃcients are named after Ernst Kraft Wilhelm Nußelt. In this thesis,
we use the english spelling of his name: Nusselt.
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2.5 Modeling of adsorption thermal energy storage units
Adsorption thermal energy storage (adsorption TES) is applicable to a variety of processes
with diﬀerent temperatures, heat ﬂow rates and storage times. Thus, a comprehensive
evaluation of adsorption TES storage performance has to consider a variety of operating
conditions. A possible approach is to experimentally analyze the performance of a storage
unit for various process conditions. Experiments like these can be done for speciﬁc
process conditions, even for many process conditions, though with a lot of eﬀort. And
unfortunately, prototypes often do not achieve the expected storage capacity [23]. For a
better understanding of the storage performance, modeling is essential [23]. We further
need models to evaluate adsorption TES performance in the system context [50] and to be
able to optimize the adsorption TES systems [87].
Storage performance cannot be analyzed without considering the interaction between the
storage unit and the related system (cf. Section 2.3). Thus, the complete system needs
to be simulated, which requires a well-chosen model complexity, balancing the trade-oﬀ
between accuracy and simulation speed. According to Yong and Sumathy [88] three types
of models are used to describe adsorption systems: thermodynamic steady-state models,
dynamic lumped-parameter models, and models with detailed three-dimensional (3-D)
description of heat and mass transfer phenomena. For more information on these spatially
resolved models, Nagel et al. [89] provide an extensive review on models for thermochemical
heat transformation and storage devices.
3-D models have a high model complexity and are hence not eﬃcient for system analysis
[90]. Steady-state models are also not useful for a system analysis, because adsorption is
an intrinsically dynamic process. Dynamic models with accurate prediction of heat ﬂow
rates are thus necessary to capture the dynamics of the adsorption process [91].
2.5.1 Dynamic models with reduced complexity
Dynamic models with reduced complexity, e.g. lumped-parameter models, are suited for a
system analysis with adsorption units [92]. Lanzerath [93] shows that lumped-parameter
models of adsorbers with one-dimensional description of heat exchangers are accurate
for modeling adsorption heat pumps and chillers. Closed-adsorption storage units have
a similar design to heat pumps, with a heat exchanger surrounded by a packed bed of
adsorbent. The packed bed can be modeled with a lumped model assuming homogeneous
temperature and pressure distribution within the bed. The heat exchangers though have
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to be discretized in one dimension to capture rapid changes of temperature in the heat
transfer ﬂuids [93]. Hence, the lumped-model approach with discretized heat exchangers is
also applied to closed-adsorption TES systems by Bales et al. [81].
Fernandes et al. [94] propose a lumped model with heat-transfer coeﬃcients according to
Nusselt correlations and with a contact resistance between the metal and the adsorbent
according to Chua et al. [95]. Fernandes et al. [94] compare their model to a 2-D model by
Brites [96] and show a deviation of 2% in temperature and water uptake in the adsorber.
Yet, a comparison to experimental data is needed to be sure that the model is accurate [94].
2.5.2 Comparison to experimental results
For closed-adsorption TES units, few models have been compared to experimental data:
Fopah Lele et al. [83, 97] describe their closed thermochemical storage systems with 3-
D models in COMSOL Multiphysics©. Comparison to experimental data reveals large
diﬀerences between simulated and measured temperatures and pressure in the adsorption
bed. Also the closed-adsorption TES models reported by Bales et al. [81] have partly been
compared to experimental data of temperature and water content, showing qualitative
agreement [29, 98].
In literature, we mostly ﬁnd models of open adsorption TES systems [50, 54, 72, 80,
85, 99–101], which are packed beds without heat exchangers. The open systems with
unidirectional mass ﬂow can be accurately approximated by 1-D models [100] due to their
simple geometries. In comparison, the geometries of closed-adsorption systems are more
complex and are strongly simpliﬁed in the lumped model approach. These simpliﬁcations
particularly inﬂuence the accuracy of heat and mass transfer models: the 3-D heat and
mass transfer in packed beds with heat exchangers is described by eﬀective coeﬃcients that
are empirical. Accurate heat and mass-transfer coeﬃcients in the adsorber, evaporator and
condenser are essential for high simulation accuracy [82]. Thus, reliable dynamic models
for closed-adsorption TES systems can only be achieved by calibration to experimental
data [102].
2.5.3 Calibration of empirical models
The MODESTORE adsorption system for heating applications [98] has been modeled using
three heat-transfer coeﬃcients that are calibrated to measurement data; mass-transfer
limitations are not considered [81]. The simulation results ﬁt reasonably well to the
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experiments: a visual comparison to the measured temperatures during discharging can be
found in Reference [81], for temperatures during charging, see Reference [98].
Pal et al. [85] model the open storage system of Dicaire et al. [34] and calibrate their
model parameters to experimental results by minimizing the error between measured and
simulated temperatures. Nevertheless, their simulation result reveals systematic deviations
to the measured temperatures and humidities. Tatsidjodoung et al. [101] adapt the mass
transfer coeﬃcient of an open reactor model by comparison to the measurements of
Johannes et al. [50]. Tatsidjodoung et al. [101] conclude that the model can approximately
predict the storage performance despite temperature deviations of 40 ◦C [101].
2.5.4 Deﬁnition of simulation accuracy
In most cases [54, 72, 80, 81, 83, 97–99, 101], model validation is interpreted as
visual comparison of simulations to experimental results. These results mostly show
a good qualitative agreement, but the agreement is rarely further quantiﬁed statistically:
Tatsidjodoung et al. [101] quantify the deviations of simulated and measured temperatures
with up to 30%. Fopah Lele et al. [83] compare the temperatures and ﬁnd a conﬁdence
interval of 82% for charging and 70% for discharging. Michel et al. [57] compare the
measured and simulated water uptake in an open reactor and report an error of 6% on
the integrated value. Even if an accuracy is given for the simulated temperatures or water
uptake, the accuracy of the model is still not comparable in terms of storage performance.
The storage performance is measured in heat ﬂow rates and energies and thus simulation
accuracy should also be related to these quantities.
Gaeini et al. [54] compare simulated heat ﬂow rates to experimental data for a discharging
measurement without further commenting on the discrepancies. As there is little
information on the accuracy of adsorption TES models to compare with, we take a
look at models from adsorption heat pumps or chillers. For detailed information on
modeling of adsorption chillers, we refer to a recent review by Pesaran et al. [103]. We
ﬁnd an accuracy3 of performance indicators for adsorption chillers in Chen et al. [104]:
their model describes the speciﬁc cooling power (SCP) with an accuracy of 5.3% and the
coeﬃcient of performance (COP) with 6.5%.
3The correct scientiﬁc term would be deviation, not accuracy. However, many authors use the term
accuracy to have a positive expression for their measure of model quality, i.e. the accuracy is good for
low deviations. In this thesis, we will stick to this nomenclature.
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However, the accuracy of performance indicators such as the COP do not account for the
system dynamics [93]. The accurate description of the dynamics is important for storage
systems, in particular for load-shifting applications and short cycle times. To give a value
for the accuracy of system dynamics, Lanzerath [93] deﬁnes the coeﬃcient of variation
CV based on the root mean square deviation RMSD between a measured heat ﬂow rate
Q˙meas and a simulated heat ﬂow rate Q˙sim. With the duration of the measurement Δtmeas,
the CV is deﬁned as
CV = RMSD∣∣∣∫ Q˙meas dt∣∣∣ /Δtmeas , with (2.4)
RMSD =
√
1
Δtmeas
∫ (
Q˙meas − Q˙sim
)2
dt . (2.5)
After thoroughly calibrating his adsorption chiller model, Lanzerath [93] achieves a
simulation accuracy of CVevap = 9.1−20.2% for the evaporator heat ﬂow rate, CVcond =
16.8 − 33.3% for the condenser heat ﬂow rate and CVads = 14.0−25.3% for the adsorber
heat ﬂow rate. Lanzerath also reports an overall coeﬃcient of variation for all heat ﬂow
rates of CV = 13.3 − 21.7%.
However, chiller models usually neglect heat losses. This assumption is valid for adsorption
chillers because of short cycle times and low temperatures, but it does not hold for storage
applications (cf. Section 2.4). Modeling a storage unit without accounting for heat losses
leads to large deviations between measured and simulated results [32, 101] (cf. Section 2.4).
In particular for applications with storage times, heat losses increase. Since the
determination of heat losses is challenging (cf. Section 2.4.2), increased heat losses may
lead to an increased uncertainty of the total energy, which is stored during charging or
released during discharging. Belmonte et al. [105] deﬁne the simulation accuracy for total
energies of their model of a latent TES unit: they give the relative deviation of the energy
during charging and discharging as 10% for a salt-hydrate system and approximately 30%
during charging of a storage unit with paraﬃn.
2.5.5 Model validation
The comparison of simulation results to experimental data is often restricted to a single
measurement from a ﬁxed application [81, 85, 98, 101]. However, the evaluation of storage
performance requires simulating the storage behavior for diﬀerent operating conditions.
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Thus, the model should capture the dynamics of more than the calibration measurement.
As Yong and Sumathy conclude, model validation is a key step in model development [88].
Lefebvre et al. [99] compare the simulated temperature and relative humidity of their
open-reactor model to two measurements with diﬀerent air ﬂow rates and humidities.
Schaube et al. [80] show plots of deviations between measured and simulated temperatures
for various measurements of their open, high-temperature thermochemical TES system.
Following the examples of Lefebvre and Schaube, the validation of each adsorption TES
model should comprise comparison to various measurement conditions.
In contrast to the model of Schaube et al. [80], other models [32, 94, 97] are used to describe
adsorption TES systems at charging temperatures below 100 ◦C. Yet, higher temperatures
are required in many applications (cf. Section 2.3.3) and adsorption TES is ﬂexible in
temperature [20]. A valid model for an adsorption TES system should thus be able to
describe storage performance for all the relevant working conditions. For this purpose,
experimental validation of the model should also be performed at elevated temperatures.
For an open reactor with zeolite, Pal et al. [85] conclude that the charging performance
of their system reaches an optimum at 250 ◦C. These elevated temperatures have to be
provided by the experimental setup to allow model validation at elevated temperatures.
Working temperatures up to 500 ◦C are easy to emulate in open-system experiments by
applying simple air heaters [80]. However, for closed-adsorption systems, high temperatures
are more diﬃcult to provide due to high pressures in the heat-transfer-ﬂuid circulation
systems. As a result, most experimental facilities only provide heat at temperatures
below 100 ◦C [32, 33, 46, 83, 98, 106]. Few experimental setups are able to provide
higher temperatures to closed-adsorption TES units: Dawoud et al. [35] achieve 150 ◦C,
Gantenbein reaches 180 ◦C [29] and Lass-Seyoum et al. [55] even reach 200 ◦C. However,
models of closed-adsorption TES systems have not yet been validated, in particular not
with experiments at temperatures above 100 ◦C.
2.5.6 Prediction accuracy
To evaluate the results of a simulation study, we want to know the accuracy of predicting
storage performance for operating conditions other than the calibration condition. This
prediction accuracy can be determined by simulating a storage cycle with operating
conditions other than the calibration condition. The simulation result is further compared
to a measurement of such a cycle. The agreement between the simulation and the
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measurement is then the prediction accuracy [93]. The quantiﬁcation of the prediction
accuracy makes the quality of the model measurable.
For an adsorption chiller, Lanzerath [93] determines the prediction accuracy for variations
in temperatures and cycle times, i.e. the duration of de- and adsorption of their adsorption
chiller, and for two diﬀerent adsorbent materials: zeolite and silica gel. The total CV is
12.6–27.4% for the silica gel-chiller operating at lower temperatures and 27.3–44.7% for
the zeolite-chiller at temperatures up to 160 ◦C. Lanzerath also calculates a prediction
accuracy for the COP that is within the measurement uncertainty for the silica gel-chiller
(7.2%). In contrast, the COP is overestimated for the zeolite-chiller (18.7%) due to
neglecting heat losses.
2.6 Contribution of this thesis
The aim of this thesis is to contribute to exploiting the advantages of adsorption thermal
energy storage (adsorption TES) for eﬃcient future energy supply systems. The literature
review (Chapter 2) reveals the challenges in evaluation and optimization of the adsorption
TES technology: Storage performance has to be evaluated in the context of an appropriate
application and should be compared to the best technology available (cf. Sections 2.2 and
2.3). Valid dynamic models of the storage behavior including heat losses are crucial to
evaluate and optimize adsorption TES systems (cf. Sections 2.4 and 2.5). In the following,
the particular contributions are highlighted:
Assessment of adsorption thermal energy storage for an industrial application This
thesis provides a thorough evaluation of adsorption TES performance for heat supply with
cogeneration in an industrial batch process. In a preliminary work, we experimentally
demonstrated the feasibility of an adsorption TES prototype (Chapter 3) to support a
cogeneration unit to supply heat to a brewing process [107]. Based on these experiments
and a known modeling framework, we develop a dynamic model of the adsorption TES
prototype and calibrate it to the measurement data (Chapter 4). With this model, we
evaluate the storage performance for various process conditions (cf. Section 2.2), and
resolve in particular the inﬂuence of the low temperature heat. To come to a conclusive
evaluation (cf. Section 2.2), we further compare the adsorption TES system energetically
to a conventional system and to another innovative energy storage technology. With this
comprehensive assessment, the thesis provides the ﬁrst integration study of adsorption
TES in industrial process energy supply (cf. Section 2.3.3).
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Assembly of a high temperature experimental setup The application study in
Chapter 4 conﬁrms the importance of an accurate description of the TES performance
in general and of the heat losses in particular (see also Section 2.4). Adsorption TES
performance has been experimentally investigated up to 200 ◦C so far (cf. Section 2.5.5).
However, adsorption TES can be applied to processes with even higher charging
temperatures (cf. Sections 2.3 and 2.5.5). Thus, an improved experimental setup is
built to analyze TES units for applications with a large range of temperatures up to 260 ◦C
(Chapter 5).
Analysis of heat losses and storage performance With the new experimental setup, the
heat losses of our adsorption TES prototype are quantiﬁed by combining measurements of
steady-state conditions (cf. Section 2.4.2) with measurements of the wall temperature of the
adsorption TES unit. This approach even allows to estimate radiative heat losses inside the
adsorber. Moreover, quantiﬁcation of charging and discharging eﬃciencies (Section 2.4.1)
is now possible, due to the determination of a valid heat-transfer coeﬃcient for heat losses.
Hence, with the thorough investigation of the heat losses, we can comprehensively analyze
the performance of our adsorption TES prototype (Chapter 6). The analysis reveals the
trade-oﬀ between energy recovery ratio and energy storage density for several temperatures
and storage periods of residential heating applications.
Procedure to calibrate and validate dynamic adsorption TES models A useful model
for adsorption TES systems accurately describes the storage performance for the full scope
of possible applications (cf. Section 2.5). This thesis establishes a method to obtain such
a valid dynamic model with a well-balanced complexity. In Chapter 7, we describe the
thorough calibration of an improved model setup for our adsorption TES system.
Visual comparison of simulation and experiments is state of the art to determine the
simulation accuracy of adsorption TES models (Section 2.5.4). In this thesis, we deﬁne
and quantify the simulation accuracy to make the model quality comparable. Moreover, a
comprehensive validation requires comparison to various measurement conditions, including
elevated temperatures (cf. Section 2.5.5). We thus perform an exhaustive experimental
validation of the model and are the ﬁrst to quantify the prediction accuracy for an
adsorption TES model (cf. Section 2.5.6). Finally, we discuss limitations of the used
modeling approach. With the validated adsorption TES model, the thesis provides a sound
basis for future research on new applications of adsorption TES systems.
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3 A Small-Scale Adsorption Thermal Energy Storage Unit
The adsorption thermal energy storage (TES) unit in this thesis consists of two heat
exchangers that have already been applied in previous studies at the Institute of
Technical Thermodynamics of RWTH Aachen University [35, 107, 108]. In this chapter,
we brieﬂy describe the features of the adsorber heat exchanger (Section 3.1) and the
evaporator/condenser heat exchanger (Section 3.2).
The heat exchangers were combined by Gasper as an adsorption heat pump [108]. Later,
the system was introduced as a storage unit by Dawoud et al. [35]. In Section 3.3, we
describe the two designs of the closed adsorption TES unit that were used in this thesis.
3.1 Adsorber
The stainless steel adsorber heat exchanger is made of a bundle of tubes connected by
lamellae (Figure 3.1). The space between the lamellae is ﬁlled with the spherical adsorbent
beads. A perforated sheet prevents the adsorbent from falling out of the adsorber.
The lamellae provide for a good heat transfer from the adsorbent beads to the heat transfer
ﬂuid. The ﬂuid ﬂow in the heat exchanger is serial, providing a suﬃciently high velocity
to ensure a turbulent ﬂow regime even at low temperatures. Thus, the adsorber design is
suitable for applications where high heat ﬂow rates are needed. However, the large amount
of metal reduces the space for active storage material: the zeolite to metal mass ratio of
the adsorber heat exchanger is mzeolite/mmetal ≈ 0.5. The geometries of the adsorber and
the evaporator are given in Table 3.1.
The adsorption working pair used in this thesis is zeolite 13X as adsorbent and water as
adsorptive. Water is thermally stable, cheap, non-toxic and provides for a high enthalpy of
adsorption in combination with zeolites [109]. In the following, the water that is adsorbed
by the zeolite will be referred to as adsorptive water, to distinguish between adsorptive
and heat transfer ﬂuid.
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(a) (b)
Figure 3.1: (a) Picture and (b) schematic of the adsorber heat exchanger with tubes and steel
lamellae [108].
Table 3.1: Geometry of adsorber (cf. Figure 3.1) and evaporator (cf. Figure 3.2).
Adsorber Evaporator
mass of zeolite mzeolite 10 kg mass of water mw 2.8 kg
mass of stainless steel msteel 20.6 kg mass of stainless steel msteel 6.69 kg
number of tubes 28 number of tubes 3
length of each tube 0.6m length of each tube 3.55m
outer diameter of tube 16mm outer diameter of tube 14.3mm
number of lamellae 182
thickness of lamellae 0.2mm
volume of adsorber Vadsorber 0.022m3 volume of evaporator Vevaporator 0.005m3
We choose zeolite 13X and water, because the adsorption properties oﬀer potential for high
energy storage densities [19]. The equilibrium data of zeolite 13X and water is reported in
literature [110, 111]. For more information on the zeolite, see Appendix A.
3.2 Evaporator
The adsorptive water can both be evaporated and condensed in a single heat exchanger,
which in the following is referred to as evaporator. The evaporator consists of three levels,
each with a spiral, corrugated tube (Figure 3.2). The ﬂuid ﬂows through the three spiral
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tubes in parallel. Hence, the water ﬂow is not necessarily distributed evenly to all three
heat exchanger tubes, because the pressure drop may vary from tube to tube.
(a)
?????????????
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(b)
Figure 3.2: (a) Picture and (b) schematic of the evaporator heat exchanger with spiral,
corrugated tubes on three levels [108].
The compact design of the evaporator oﬀers a large heat exchanger surface for good
vaporization and condensation characteristics. The adsorptive water inside the evaporator
can condense on all three evaporator tubes and partly remains on steel trays below the
spiral tubes. These steel trays are open to the center of the evaporator. On this inner side,
the two upper-level steel trays have an overﬂow wall (cf. Figure 3.2). However, the overﬂow
wall is lower than the tube diameter. Thus, the upper two levels are never completely
ﬂooded with water.
Underneath the lower spiral tube, the evaporator has a sump. Due to the sump, the lower
level is still partly ﬂooded with water when the upper two levels are already dry. When
the upper levels fall dry, i.e. when the water ﬁlling level falls below a certain point, the
heat transfer from the heat exchanger ﬂuid to the adsorptive water strongly decreases.
Still, there is water in the sump to evaporate, but at low ﬂow rates.
3.3 Storage unit designs
In a preliminary study [107], we proposed to use an adsorption-TES unit for industrial heat
supply of a brewing process. In an experimental study on the brewing-process application,
we performed measurements with a TES unit containing the adsorber above the evaporator
in one single container, cf. Figure 3.3 (a). The study in Chapter 4 is based on these
measurements.
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Figure 3.3: (a) Adsorption TES unit with adsorber and evaporator in one single container
(Chapter 4). (b) Adsorption TES unit with a butterﬂy valve to separate adsorber
and evaporator (Chapters 5–7).
The thesis further considers a conﬁguration with a butterﬂy valve to separate adsorber
and evaporator (cf. Figure 3.3, b) for expanded storage periods in Chapters 6 and 7.
With 10 kg of zeolite, the storage unit is small-scale compared to the 7 t adsorption-TES
prototype of Hauer [41] or 200 kg in the adsorption-TES prototype of Jaehnig [46].
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in Industrial Batch Processes
This chapter provides a comprehensive evaluation of an industrial application of adsorption
thermal energy storage (adsorption TES). In a previous report [107], we propose to combine
a cogeneration unit and an adsorption TES system for energy eﬃcient heat supply of a
brewing process. The brewing process is a representative example for an industrial batch
process with time-varying heat demand on diﬀerent temperature levels. In particular,
small and medium sized breweries have large potential to improve their energy eﬃciency
[112]. Sturm et al. [113] show that cogeneration can be proﬁtably applied to meet the
brewing process energy demand, including heat and electricity.
However, high investment costs can be an obstacle to apply cogeneration in practice. To
make best use of the investment, the cogeneration unit should run at full load all the time.
Full-load operation also allows to run the cogeneration unit with its highest eﬃciency
[114]. Constant full-load operation is, however, not possible in batch processes with a
time-varying heat demand. In this case, the cogeneration units have to be sized according
to the peak demand leading to large investment costs while running at ineﬃcient part-load
conditions most of the time. Thus, reduced unit size with full-load operation is preferred,
which is possible with the help of e.g. adsorption TES.
Our approach to assess adsorption TES for this application is to analyze the impact of
adsorption TES on the primary energy consumption of the process. For this purpose, we
develop a model of the adsorption TES unit from Chapter 3. By calibrating the model to
measurement data from experimental investigations described in Section 4.1, we gain a
reliable basis for our analysis (Section 4.2). The model is used to evaluate the integration
Contents of this chapter have been published in:
H. Schreiber, S. Graf, F. Lanzerath, and A. Bardow. “Adsorption thermal energy storage
for cogeneration in industrial batch processes: Experiment, dynamic modeling and system
analysis”. Applied Thermal Engineering 89 (2015), pp. 485–493.
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of cogeneration and adsorption TES into the brewing batch process (Section 4.3). In
particular, we examine the eﬀect of the temperature of the low-grade heat on the storage
performance. In order to assess the true potential of adsorption TES for batch-process
energy supply, we analyze diﬀerent cogeneration integration concepts regarding their
energy-savings potential (Section 4.4). For this purpose, we compare adsorption TES
to alternative cogeneration integration concepts using either a conventional non-storage
solution with a peak boiler or using innovative latent TES. Section 4.6 summarizes the
results of our assessment.
4.1 Experimental emulation of the brewing process
Figure 4.1 illustrates the time proﬁle of the brewing process that we analyzed in a previous
study [107]. Once in every 6 hour brewery batch, a large amount of process heat is needed
at a temperature of 120 ◦C for one hour. During the other 5 hours, the batch does not
require process heat, i.e. heat at high temperature. The cogeneration unit then charges the
adsorption TES unit with heat at up to 250 ◦C. This high temperature heat is provided by
the exhaust-gas heat exchanger of the cogeneration unit. During discharging of the storage
unit, the combined heat outputs of the storage unit and the cogeneration exhaust-gas
satisfy the process-heat demand.
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Figure 4.1: Brewing process-heat supply by cogeneration and storage: time proﬁle of process-
heat demand and supply.
The storage process of this brewery application was experimentally analyzed in a laboratory
at the Institute of Technical Thermodynamics of RWTH Aachen University. The
experiments were performed with the experimental setup shown in Figure 4.2. The
setup contains two adsorption TES units that were connected in parallel. Each storage
unit combines one adsorber and one evaporator into a vacuum-sealed container without a
valve in between (cf. Figure 3.3 (a) in Chapter 3). No valve is needed between adsorber
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Figure 4.2: Scheme of the experimental setup where two adsorption TES units were tested. A
thermal bath controls the temperature in the water circulation system. An electrical
heater provides heat to the thermal oil. A water tank emulates the heat sink of the
brewery batch.
and evaporator, because the charging and the discharging period immediately follow each
other in the storage process of the brewery application.
In the experimental setup (Figure 4.2), the heat supply from the cogeneration unit was
emulated in the laboratory using an electrical heater in a thermal-oil circulation system.
The process-heat demand was emulated with a water tank, which represents the brewery
batch. The temperature in the evaporator was controlled by a thermostat using water as
heat-transfer ﬂuid. Volume ﬂows were measured with oval wheel meters. The volume ﬂows
could not be adjusted, as they were set by pumps in the thermal-oil circulation system and
in the thermal bath. PT100 resistance thermometers of class A were used to determine
the temperature diﬀerences between in- and outlet ﬂows of the heat exchangers. Details
on the measurement uncertainty of the experimental setup can be found in Appendix B.1.
During charging, the adsorbers of the two TES units were heated and desorbed with constant
thermal output power of 2 kW from the electrical heater while the condenser temperature
was kept constant. During discharging, the water tank was heated, representing the beer
batch in the brewing process. To satisfy this heat demand, heat ﬂows were combined
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from the adsorbers and the electrical heater. At the same time, the temperatures of both
evaporators were kept constant.
The relevant heat ﬂow rates Q˙ were determined by measuring the ﬂow rate V˙ of the
corresponding heat-transfer ﬂuid (HTF) and the temperature diﬀerence ΔT across the
corresponding heat exchanger (HX)
Q˙ =
(
cpV˙
)
HTF
(ΔT )HX , (4.1)
with the density  and the heat capacity cp of the heat-transfer ﬂuid. Time-resolved
measurements of the heat ﬂow rates Q˙ allow to quantify the dynamic performance of the
adsorption TES unit, in particular the heat ﬂow rates during charging and discharging.
Measurements were conducted with constant electrical power. The temperature of
desorption was up to 200 ◦C instead of 250 ◦C due to restrictions of the experimental
setup. For adsorption, the temperature was 120 ◦C. The process-heat demand during
discharging was ﬁxed by the thermal capacity of the water tank. Temperatures for
condensation and vaporization were varied, leading to three combinations Tcond/Tevap of
60/90 ◦C, 90/60 ◦C and 90/90 ◦C.
The experimental investigations with the two storage units have proven the feasibility of
adsorption TES for energy eﬃcient heat supply of the brewing process [107]. We use these
experiments as a basis for our study in the following sections.
4.2 Storage-unit modeling and adsorber calibration
In this section, we present the dynamic model of the adsorption TES unit with the
evaporator and the adsorber described in Chapter 3. The general model equations are
described in Section 4.2.1. The assumptions of the model are given in Section 4.2.2. The
adsorber model is calibrated to measurement data (Section 4.2.3).
4.2.1 Mathematical model of the adsorption thermal energy storage unit
The dynamic model of the adsorption TES unit consists of an adsorber model (A) coupled
to an evaporator model (E) (cf. Figure 4.3). Both models of adsorber and evaporator are
coupled to external enthalpy ﬂows via heat exchangers. Further heat and mass-transfer
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Figure 4.3: Scheme of the adsorption TES model with adsorber (A) and evaporator (E). The
adsorbent (ads) is connected to the mass-transfer resistance with the eﬀective
coeﬃcient Deﬀ and to three heat-transfer resistances with the following coeﬃcients:
(UA)A,HX connects to the adsorber heat exchanger, (UA)ads−cas connects to the
casing heat capacity CA,cas, and (UA)A−E connects to the evaporator (E). The
evaporator casing CE,cas and the VLE ﬂuid are connected to the environment (env)
via the heat transfer with the coeﬃcient (UA)E−env and to the evaporator heat
exchanger via the heat transfer with the coeﬃcient (UA)E,HX. The VLE ﬂuid is
further connected to the adsorber via the mass-transfer resistance (Deﬀ).
resistances1 connect adsorber, evaporator and the environment. The capacity-resistance
model is written in the object-oriented modeling language Modelica [116], by using the TIL
Suite [117] and the Adsorption Energy Systems Library [118] developed at the Institute of
Technical Thermodynamics of RWTH Aachen University.
Adsorber model
The adsorber model contains the adsorbent model coupled to heat and mass transfer
resistances and to the adsorber heat exchanger (cf. Figure 4.3). The adsorbent model
includes the adsorbent material (ads), which is zeolite 13X and water in adsorbed state
1The resistance is the reciprocal of the conductance [115]. In this thesis, we use the heat-transfer
coeﬃcients (UA) to describe the thermal conductance. Mass transfer is described with the eﬀective
coeﬃcient D, which is also reciprocal to the resistance.
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(ad). The adsorbent is described by a lumped model, i.e. the zeolite and the water in
adsorbed state have the same temperature Tad = Tads and pressure pad without spatial
gradients. The density ad and the heat capacity cad of the water in adsorbed state are
assumed to be equal to that of liquid water.
The adsorbent/adsorbate equilibrium data in our library [118] is described as function of
temperature T , pressure p and water loading w = mad
mads
. The equilibrium data for zeolite
13X and water is described with a characteristic function according to the Dubinin theory
[119].
The mass-transfer resistance between the water vapor phase and the water in adsorbed
state (ad) is described with an eﬀective mass-transfer coeﬃcient Deﬀ . Without a valve
between the adsorber and evaporator (Section 4.1), the pressure inside the adsorber casing
(pA) is equal to the pressure in the evaporator (pE). This pressure is deﬁned by the
temperature of the adsorptive water in vapor-liquid equilibrium (VLE) in the evaporator:
pA = pE = psat(TVLE). (4.2)
In the following, the equations of the mass and energy balances of the adsorption TES unit
are shown. The signs in the equations are given for the adsorption phase with vaporization
of the water. The same equations are valid for the desorption phase with condensation of
the water, because the temperature and pressure diﬀerences change signs together with
the heat and mass ﬂows changing direction. The mass balance of the adsorbent is given by
dmad
dt = mads
dw
dt = m˙E−A = m˙ad, (4.3)
where mads is the mass of the adsorbent material and mad is the mass of water in adsorbed
state. m˙E−A is the mass ﬂow rate of adsorptive water from the evaporator to the adsorber.
The adsorptive water is assumed to be completely adsorbed by the zeolite, because the
mass in the vapor volume of the adsorber is negligible. The mass ﬂow rate of adsorptive
water m˙ad = m˙E−A is described according to the linear driving force approach by Glueckauf
[120] for spherical beads
m˙ad =
15mads
rads2
Deﬀ (w(Tads, pad) − w(Tads, pE)) (4.4)
with the radius of the adsorbent beads rads and an eﬀective mass-transfer coeﬃcient Deﬀ .
The driving force for the mass ﬂow is described by the diﬀerence between the actual
water loading of the adsorbent w(Tads, pad) and the equilibrium loading w(Tads, pE) at the
pressure of the vapor phase pE.
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The energy balance of the adsorber (A) reads
dUA
dt = mads
d
dt [(cads + wcad)Tads] + mA,lamcsteel
dTads
dt
= m˙adhvVLE − Q˙A,HX − Q˙ads−cas − Q˙A−E (4.5)
with the speciﬁc internal energy of water in the adsorbed state uad and the enthalpy of the
evaporator ﬂuid in vapor phase hvVLE. The change of internal energy of the steel lamellae
(A,lam) in the adsorber is also taken into account with the heat capacity of steel csteel.
The heat ﬂow rates are calculated by
Q˙ = UAΔT (4.6)
with heat-transfer coeﬃcients UA and the driving temperature diﬀerence ΔT .
The heat ﬂow rate between adsorbent and the adsorber heat exchanger tubes Q˙A,HX is
described with a constant eﬀective heat-transfer coeﬃcient (UA)A,HX:
Q˙A,HX = (UA)A,HX
1
n
n∑
i=1
(Tads − TA,HX,i), (4.7)
with the temperature of the heat exchanger tube wall TA,HX.
The heat-transfer coeﬃcient (UA)A,HX and the mass-transfer coeﬃcient Deﬀ are eﬀective
coeﬃcients, because they combine diﬀerent transfer mechanisms: the mass transfer
combines mass transfer in the boundary layer and inside the pores of the zeolite and is
thus diﬃcult to predict [93]. A discussion of the diﬀerent mass-transfer mechanisms during
adsorption in porous solids can be found in [121]. The heat transfer combines contact
heat transfer with conduction inside the zeolite and convective terms. Predicting the
heat-transfer coeﬃcient is also diﬃcult, due to the complex geometry of the adsorber heat
exchanger with unknown contact area AA,HX between adsorbent and metal. To avoid such
complicated and uncertain models, both the heat-transfer coeﬃcient (UA)A,HX and the
mass-transfer coeﬃcient Deﬀ are calibrated by ﬁtting a simulation to measurement data.
The adsorber heat exchanger (Figure 4.3, top) is discretized and modeled as a tube from
the TIL library [117]. This model accounts for the masses of the heat exchanger tubes and
calculates a tube-side heat transfer according to Nusselt correlations [122].
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The heat ﬂow rate to the adsorber Q˙des/ads during charging (des) and discharging (ads),
which is used to evaluate the storage performance, is calculated from an energy balance
around the adsorber heat exchanger, leading to
Q˙des/ads = m˙A,HX,oil (hA,in − hA,out) − dUA,HX,oildt (4.8)
with the enthalpy diﬀerence of the heat-transfer oil m˙A,HX,oil (hA,in − hA,out) and the change
of internal energy of the oil UA,HX,oil inside the adsorber heat exchanger.
Evaporator model
The evaporator model (Figure 4.3, bottom) is based on a vapor-liquid-equilibrium (VLE)
model for the adsorptive water (E,ad) from the TIL Suite [117]. The evaporator volume
VE = VE,ad is ﬁlled by the VLE ﬂuid with a total mass of mE,ad. The mass balance is
described by
dmE,ad
dt = VE
dE,ad
dt = −m˙ad. (4.9)
We assume a homogeneous temperature TE,ad = TE of the evaporator ﬂuid and the
evaporator metal parts (steel trays and casing). Accordingly, the internal energy of those
metal parts (E,met) is included in the evaporator energy balance
dUE,ad
dt + mE,metcsteel
dTE
dt = −m˙adh
v
E,ad + Q˙E,HX − Q˙E−env − Q˙A−E (4.10)
with the internal energy of the adsorptive water UE,ad. We also consider a heat loss to the
environment Q˙E−env which is calculated according to Equation (4.6).
The evaporator heat exchanger tube (Figure 4.3, bottom) is discretized and modeled as
a tube from the TIL library [117]. The tube masses are included in the evaporator heat
exchanger model which also calculates the tube-side heat transfer according to Nusselt
correlations [122].
The heat ﬂow rate between the adsorptive water and the heat exchanger surface in the
evaporator
Q˙E,HX = (UA)E,HX
1
n
n∑
i=1
(TE,HX,i − TE) (4.11)
is described using the heat-transfer coeﬃcient (UA)E,HX.
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The heat ﬂow rate to the evaporator Q˙cond/evap during charging (cond) and discharging
(evap), which is used to evaluate the storage performance, is calculated from an energy
balance around the evaporator heat exchanger, leading to
Q˙cond/evap = m˙E,HX,w (hE,in − hE,out) − dUE,HX,wdt (4.12)
with the enthalpy diﬀerence m˙E,HX,w (hE,in − hE,out) and the change of internal energy of
the water UE,HX,w inside the evaporator heat exchanger.
Heat losses
The heat losses of the storage unit are described with the following heat ﬂows (cf. heat-
transfer resistances in Figure 4.3): starting from the adsorber, heat ﬂows to the casing
(Q˙ads−cas) and further to the environment (Q˙A−env). In addition, for the storage unit with
adsorber and evaporator in one container (cf. Figure 3.3, a), we have to consider a heat
ﬂow from the adsorber to the evaporator with Q˙A−E. The heat loss of the evaporator is
Q˙E−env. All these heat-loss ﬂow rates are calculated according to Equation (4.6).
4.2.2 Model assumptions
The heat-transfer coeﬃcients for the heat-loss ﬂow rates cannot be determined from
transient measurements (cf. Section 2.4.2). However, steady-state measurements are not
possible with the experimental setup in Figure 4.2, due to the low resolution of low heat ﬂow
rates (cf. Appendix B.1) that occur during steady state. We hence calculate the heat-loss
coeﬃcients according to Nusselt correlations [122] as speciﬁed in Table 4.1. To calculate
the heat-transfer coeﬃcients from the adsorber (UA)A−env and evaporator (UA)E−env to
the environment, we assume average temperatures of the adsorber casing and evaporator
casing. For the convective heat transfer inside the adsorber casing (cf. Table 4.1), we
assume an average velocity of the vapor ﬂow and an average temperature of the adsorber
surface. As a result, the heat-transfer coeﬃcients are constant.
The calibration procedure for the heat-transfer coeﬃcient (UA)A,HX and the mass-transfer
coeﬃcient Deﬀ in this chapter is explained in Section 4.2.3. The results are listed in
Table 4.1.
The heat transfer in the evaporator is assumed to be ideal, which we deﬁne by a suﬃciently
high coeﬃcient (UA)E,HX for vaporization and condensation to ensure that the process
37
4 Adsorption Thermal Energy Storage for Cogeneration in Industrial Batch Processes
Table 4.1: Transfer coeﬃcients of the adsorption TES model to describe the performance of
two adsorption TES units
Coeﬃcient Value obtained by
Deﬀ 1 × 10−10 m2/s calibration to experimental data (cf. Section 4.2.3)
(UA)A,HX 480W/K calibration to experimental data (cf. Section 4.2.3)
(UA)ads−cas 26.16W/K radiative heat transfer according to [123] eq. 8-37 and
convective heat transfer according to [122] FA2, eq. 12
(UA)A−E 0.748W/K radiative heat transfer according to [123] eq. 8-37 and
convective heat transfer according to [122] Fa4, eq. 21
(UA)A−env 1.688W/K according to [122] Eb1, eq. 1
(UA)E−env 0.914W/K according to [122] Eb1, eq. 1
(UA)evap 1400W/K not limiting
(UA)cond 2000W/K not limiting
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Figure 4.4: Identiﬁcation of model parameters in Chapter 4: adsorber heat and mass-transfer
coeﬃcients are experimentally calibrated, evaporator is assumed to be ideal without
heat and mass transfer limitations, heat-loss coeﬃcients are derived from literature.
on the tube surface is not limiting the heat transfer. This was done since the evaporator
heat ﬂow rates (Equation (4.1)) could not properly be resolved, because the temperature
diﬀerences across the evaporator heat exchanger were below the measurement uncertainty
(cf. Appendix B.1).
Neglecting the limitations of evaporator and condenser is in accordance with, e.g. Fernandes
et al. [94]. Accordingly, the temperature of the evaporator heat exchanger dictates the
adsorptive water vapor pressure in the system. As a result, the adsorber is the only
component to limit the adsorption process by heat and mass-transfer resistances.
Figure 4.4 provides an overview of the means for parameter identiﬁcation for the model
used to simulate the brewing process. Table 4.1 summarizes the results for all heat and
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mass-transfer coeﬃcients of the adsorption TES model used in this chapter. It has to be
noted that the values of the heat-transfer coeﬃcients scale with the size of the storage
system, i.e. with the number of units: since the model has been calibrated to measurements
with two storage units (cf. Figure 4.2), the heat-transfer coeﬃcients also relate to two
adsorbers and two evaporators each.
In this chapter, we describe the equilibrium of zeolite 13X and water with the characteristic
function, ﬁtted to experimental data by Núñez [110]. In accordance with Núñez, the heat
capacity of the zeolite is assumed to be constant during simulations used in this chapter.
4.2.3 Adsorber calibration
The obtained experimental data (cf. Section 4.1) is used to calibrate the model of the
adsorption TES unit, in particular the adsorber model as the critical component for storing
and releasing heat. The heat and mass-transfer coeﬃcients in the adsorber model are
calibrated by comparing the experimental and simulated heat ﬂow rates of the adsorber.
Without measurement of conditions inside the storage unit, heat and mass transfer
parameters of adsorption systems cannot be identiﬁed separately [124]. Thus, the
parameters are determined simultaneously by ﬁtting simulation and measurement data
in accordance with Lanzerath [93]. For this purpose, we minimize the coeﬃcient of
variation (CV , cf. Equation (2.5)) based on the root mean square deviation (RMSD)
between the measured heat ﬂow rate Q˙meas and the simulated heat ﬂow rate Q˙sim in the
adsorber (cf. Equation (4.8)). The ﬁtting was carried out for the measurements described
in Section 4.1: in particular individually for the three temperature combinations Tcond/Tevap
in the evaporator unit: 60/90 ◦C, 90/60 ◦C and 90/90 ◦C. All three ﬁtted parameter sets
were identical within measurement tolerance. Thus, the coeﬃcients for heat and mass
transfer in the adsorber are assumed constant over the regarded temperature range.
Figure 4.5 shows an example of measured and simulated heat ﬂow rates for both charging
and discharging of the adsorption TES unit. Measured and simulated heat ﬂow rates
in the adsorber correspond very well, except the simulation slightly underestimates the
discharging heat ﬂow rate during the last ten minutes of adsorption (cf. Figure 4.5). This
underestimation of the adsorber heat ﬂow rate is most likely due to an overestimation
of the heat losses from the adsorber to the casing and to the environment. The heat
losses tend to be overestimated at the end of adsorption, because they are calculated with
constant heat-transfer coeﬃcients that were determined for a constant temperature of
the adsorber surface and the adsorber casing (cf. Section 4.2.2). The real temperatures
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Figure 4.5: Comparison of measured and simulated heat ﬂow rates Q˙A,HX (cf. Equation (4.7)),
of the adsorber during charging and discharging. Example measurement with
condensation at 60 ◦C, desorption until 200 ◦C and adsorption at 120 ◦C, vaporization
at 90 ◦C.
are lower at the end of adsorption than the average value used for the calculation of the
heat-transfer coeﬃcient.
In all measurements, the coeﬃcient of variation CV of the adsorber heat ﬂow rate is around
10%, which is within the measurement uncertainty (cf. Appendix B.1). Accordingly, the
calibrated model is regarded suﬃcient to describe the adsorption TES behavior at conditions
similar to the experimental investigation. Based on our experience with adsorption-based
energy systems [82], we expect extrapolation to give reasonable results: we expect the
simulations to provide at least a qualitatively good description of the behavior of the
adsorption TES unit, even though the model is not validated for evaporator temperatures
below 60 ◦C, i.e. for vapor pressures below 200mbar.
4.3 Storage integration study
In this section, we discuss the integration of adsorption thermal energy storage (adsorption
TES) into a brewing process. The process setup is introduced in Section 4.3.1. We deﬁne
measures for the energy recovery ratio to evaluate the performance of our adsorption TES
unit in Section 4.3.2.
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4.3.1 Process setup
We investigate the performance of adsorption TES combined with a gas-powered
cogeneration unit for batch-process energy supply. The cogeneration unit of this study is
a biogas-driven engine, type E2842 by MAN with a power output of 250 kW, a mechanical
eﬃciency of 37.5% and a thermal eﬃciency of 54.5% at full load [125]. The process-heat
demand structure is taken from the batch brewing process as shown in Figure 4.1 with a
process-heat demand of 380 kWh. This process-heat demand is met by the combined heat
output of the adsorption TES unit during discharging and the cogeneration exhaust gas at
the same time (cf. Figure 4.6). To match the heat demand for the given brewing process,
the simulation assumes 135–210 units of our adsorption TES system to be charged and
discharged in parallel. In the following, these adsorption TES units are referred to as one
single unit.
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Figure 4.6: Heat ﬂow chart of process-heat supply by cogeneration and adsorption thermal
energy storage during desorption (left) and adsorption (right).
The storage process is as follows: during charging, the adsorption TES unit receives the
heat Qdes from the cogeneration exhaust-gas for desorption (Figure 4.6 left). At the same
time, the heat Qcond from condensation is released to the environment or can be used by
the process at a temperature below 90 ◦C. During adsorption, the released heat Qads is used
for process-heat supply at a temperature of 120 ◦C (Figure 4.6 right). At the same time,
the heat Qevap has to be provided to the storage unit for vaporization. Since the adsorption
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TES unit uses only the high temperature exhaust-gas from the cogeneration unit, low
temperature cooling water from the cogeneration unit is still available. We therefore
assume that the heat from the cooling water is used in the process at temperatures below
90 ◦C (cf. Figure 4.6).
4.3.2 Performance of the adsorption thermal energy storage unit
The suggested energy supply system potentially leads to primary energy savings due to
the eﬃciency of cogeneration. The achievable energy savings are dependent on the storage
energy recovery ratio ERR, as deﬁned in Equation (2.3). The energy recovery ratio of
adsorption TES strongly depends on the heat structure of the process, i.e. temperatures,
time proﬁles and existence of heat ﬂows. In this storage integration study, we focus on the
structure of the low-grade heat, in particular whether a demand exists for low temperature
heat from condensation (C±) and whether excess heat is freely available for vaporization
(E±). The resulting options to integrate low-grade heat inputs and outputs of adsorption
TES are reﬂected in the calculation of the energy recovery ratio. For our study in this
chapter, we deﬁne four cases of the energy recovery ratio, which we call ηE+C+, ηE+C−,
ηE−C+ and ηE−C− as deﬁned in Table 4.2.
Table 4.2: Energy recovery ratio η = QusedQeﬀort of adsorption thermal energy storage depending
on low-grade heat supply and demand; calculation distinguishes whether a demand
exists for low temperature heat from condensation (C+) or not (C-) and whether
excess heat for vaporization is freely available (E+) or not (E-)
Condenser
Heat is used (C+) Heat is not used (C-)
E
va
po
ra
to
r Heat is freely available (E+)
ηE+C+ = Qads+QcondQdes ηE+C− =
Qads
Qdes
Heat has to be provided (E-)
ηE−C+ = Qads+QcondQdes+Qevap ηE−C− =
Qads
Qdes+Qevap
The four energy recovery ratios η of the adsorption TES unit are determined for the given
industrial batch process using the calibrated model presented in Section 4.2. The heats Q
are calculated by integrating the respective heat ﬂow rates Q˙ from the dynamic simulation
(cf. Equations (4.8) and (4.12)).
In the storage integration study, we ﬁx the structure of the process-heat demand from
the brewing process and the structure of charging by the cogeneration unit according to
Figure 4.1. The low-grade heat structure is varied to examine various possible demand
and supply structures. This variation of heat structure allows investigating the inﬂuence
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Figure 4.7: Heat output (a) and input (b) of the adsorption thermal energy storage unit
depending on vaporization temperature Tevap and condensation temperature Tcond.
of variable conditions for vaporization and condensation on the energy recovery ratio of
the adsorption TES unit.
In particular, we vary the temperatures of vaporization Tevap and condensation Tcond from
20 ◦C–90 ◦C for the storage integration study. Figure 4.7 shows the resulting heat outputs
Qads and Qcond and inputs Qdes and Qevap of the adsorption TES unit. The heat output at
process temperature during adsorption Qads is nearly constant as the process-heat demand
is ﬁxed to 380 kWh (cf. Section 4.3.1). This heat demand is met by the adsorption TES
unit and the cogeneration exhaust gas with a ratio of
Qads
Qcogeneration
= 69 − 76%, (4.13)
which varies slightly with the low-grade heat temperature.
While the discharging heat varies only slightly, charging the storage unit requires more heat
Qdes for a lower vaporization temperature Tevap. The dependence on the low temperature
is even more visible for Qevap and Qcond: the higher Tevap and the lower Tcond, more heat
Qevap is needed during vaporization (cf. Figure 4.7 (b)), but at the same time more heat is
released during condensation Qcond (cf. Figure 4.7 (a)).
Based on the heat in- and outputs (cf. Figure 4.7), the energy recovery ratio of the
adsorption TES unit was determined for all cases deﬁned in Table 4.2. As expected, the
results strongly depend on the low-grade heat demand and supply structure of the process.
In addition, the temperatures of the low-grade heat inﬂuence the energy recovery ratios
ηE±C±. Thus, the results are shown as a function of the temperature of vaporization and
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condensation in Figure 4.8. ηE+C− and ηE−C− are not evaluated for variable condensation
temperatures, since the heat from condensation is not used in these cases. It is therefore
not necessary to condense at elevated temperatures.
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Figure 4.8: Storage energy recovery ratios ηE±C± for diﬀerent heat integration options
(cf. Table 4.2) depending on vaporization temperature Tevap and condensation
temperature Tcond.
The recovery ratios ηE+C+ and ηE−C+ are always higher than ηE+C− and ηE−C−, because
heat from condensation is used. The energy recovery ratio ηE+C+ even reaches values
greater than 1 due to the use of condensation enthalpy combined with heat freely available
for vaporization.
For both E+ cases, i.e. when heat for vaporization is for free, energy recovery increases
with vaporization temperature Tevap, since a higher temperature leads to a higher pressure
in the storage unit. Following the adsorption equilibrium, more water is adsorbed leading
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to a proportionately higher process heat output Qads. At the same time, more water has
to be evaporated, leading to an increasing Qevap. Additionally, heating-up the evaporator
has to be taken into account at the beginning of each adsorption phase, if the vaporization
temperature is higher than the condensation temperature. This additional heat also leads
to an increasing Qevap. Thus, for both E- cases, the increasing Qevap counterbalances an
increase of Qads for rising Tevap.
A decrease in condensation temperature Tcond increases the energy recovery ratio: with a
lower pressure during charging, more water is desorbed. Thus, more heat can be stored in
the adsorber. At the same time, heat losses from the adsorber to the condenser will rise
with falling condensation temperature, as the temperature diﬀerence increases. The heat
losses between adsorber and condenser are a signiﬁcant disadvantage of the storage unit
using only one container without valve (cf. Figure 3.3).
The study shows that adsorption TES is most beneﬁcial if low grade excess heat is available
at times of discharging and if low-grade heat is required by the process when charging
the storage unit (case E+C+ in Figure 4.8). In this case, adsorption TES beneﬁts from
the heat pump eﬀect. On the contrary, in case E-C-, the heat from condensation is
released to the environment and extra heat has to be provided for vaporization: here,
the maximum achievable storage energy recovery ratio, neglecting heat losses, is in the
range of 55%. This value of the energy recovery ratio corresponds well to the enthalpy
of vaporization/condensation being approximately 5/6 of the enthalpy of adsorption for
zeolite 13X and water
ηE−C− =
Qads
Qdes + Qevap
≈ 11 + 5/6 = 0.55. (4.14)
In case E-C-, adsorption TES leads to large energy losses as it is not possible to use the
low-grade heat output Qcond. Nevertheless, for long-term TES, even the case E-C- can be
reasonable as the adsorption enthalpy is not prone to sensible heat losses and thus oﬀers a
unique feature that other storage technologies cannot oﬀer.
In summary, adsorption TES can achieve high energy recovery ratios, even reaching values
above one. However, the achievable energy recovery ratio has to be evaluated individually
for every case.
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Figure 4.9: Qualitative energy-balance diagram for cogeneration-integration options. Energy-
supply arrows drawn to scale. In case of cogeneration integration with adsorption
thermal energy storage, a small part of the low-grade heat can be provided by
condensation. Numeric percentages are valid for the temperature combination
90/60 ◦C for condensation/vaporization.
4.4 Primary energy savings and comparison of alternative integration
concepts
Cogeneration leads to savings in primary energy due to the high eﬃciency of simultaneously
producing electrical power and heat. These savings are, however, only achieved if there
is also a demand for both heat and power. Thus, if integrated into batch processes,
cogeneration is preferably integrated together with a secondary technology balancing the
time-varying heat demand. Adsorption thermal energy storage (TES) has been shown to
successfully shift heat in time and thus to satisfy the demand of a process (Section 4.3).
Still, alternative technologies are available to compensate variations in heat demand. In
this chapter, we compare adsorption TES to both peak boilers and latent TES. Each
alternative is assumed to support a cogeneration unit for process energy supply. The study
is based on the best case for the adsorption TES energy recovery ratio ηE+C+ in Table 4.2,
i.e. excess heat is available for vaporization and heat from condensation is used in the
process. For comparison, all three cogeneration integration options have to deliver the same
amount of energy; speciﬁcally process heat, low-grade heat and electricity (Figure 4.9).
The performance of the peak boiler and the latent TES unit are modeled with steady-state
models using literature data. The boiler eﬃciency is set to 90% [126]. The latent TES
system uses high-density polyethylene with a melting temperature of 128 ◦C as storage
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material. The energy recovery ratio of this latent TES unit is assumed to be 86% [127]. No
further dynamics of the latent TES unit are taken into account. Moreover, it is assumed
that any desired heat ﬂow rate is always deliverable by the latent TES unit; therefore, no
restrictions concerning heat transfer in the phase change material are considered.
Additional electricity generation is taken into account by grid energy supply from the
German power mix with a primary energy eﬃciency of 42% [128].
For evaluation of adsorption TES, we use the calibrated adsorption TES model (cf.
Section 4.2.3). Consequently, dynamics are taken into account with all inherent restrictions:
the heat ﬂow rate from the storage unit is limited due to the low heat-transfer coeﬃcient of
the storage material. Heat losses reducing the energy recovery ratio are also included and
estimated to be signiﬁcant for the given time proﬁle with the long duration of charging. For
the adsorption TES unit, a thermal insulation is considered based on a standard mineral
wool with 5mm thickness and a thermal conductivity of 0.06W/(mK) [129].
The process-heat demand structure is taken from the brewing process (Figure 4.1). In
addition, the low-grade heat demand is assumed to be approximately three times the
process-heat demand (cf. Figure 4.9). Furthermore, the heat from condensation provided
by the adsorption TES unit is supposed to be used in the process. However, this heat
corresponds to only 3 to 20% of the total low-grade heat from cogeneration (Figure 4.9).
The variable heat ﬂow rate of the condenser is due to the performance of the adsorption
TES unit which varies with the low-grade heat temperature (cf. Section 4.3.2). Both the
size of the adsorption TES unit and the size of the cogeneration unit are adapted, because
the process-heat supply is ﬁxed. The electrical power output of the cogeneration unit thus
changes in the range of 200–240 kW depending on the low-grade heat temperatures.
To evaluate energy supply eﬃciency, the primary energy consumption is calculated for three
options: (1) the combination of cogeneration and adsorption TES is used as reference and
compared (2) to cogeneration plus peak-load boiler and (3) to cogeneration plus latent TES.
The results of the comparison are illustrated by the ratio of primary energy consumption
of the regarded alternative (2 and 3) to primary energy consumption of the reference
combination (1) (Figure 4.10). Thus, a ratio above 100% implies that cogeneration
with adsorption TES is more eﬃcient in primary energy consumption compared to the
alternative.
For adsorption TES, the primary energy eﬃciency inherits the dependence on the
temperature of condensation and vaporization, as these temperatures determine the
energy recovery ratio of the storage unit (see Section 4.3): the system with adsorption
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Figure 4.10: Primary energy consumption (PEC) for cogeneration with peak boiler and
with latent thermal energy storage (TES) compared to cogeneration with
adsorption TES. The ratio is plotted against temperatures of vaporization Tevap
for condensation temperatures Tcond varied between 40 and 80 ◦C. A ratio above
100% implies that adsorption TES is more energy eﬃcient than the alternative
(lines just guide the eye).
TES achieves high eﬃciencies for vaporization at elevated temperature and condensation at
low temperature. For the best case, cogeneration with adsorption TES can reduce primary
energy consumption by up to 25% compared to the combination of a cogeneration unit
with a peak boiler. Figure 4.10 shows that for all cases the combination of cogeneration
with TES technologies is energetically beneﬁcial compared to a peak boiler. Cogeneration
can provide more heat and thus more electricity when combined with thermal energy
storage. Consequently, a solution with thermal energy storage is superior to a peak boiler.
For the TES technologies considered, results depend on the structure of the low-grade
heat in the process: latent TES improves the process energy eﬃciency by 10% compared
to adsorption TES for vaporization at 20 ◦C and condensation at 80 ◦C. However, with
vaporization at 80 ◦C and condensation at 40 ◦C, adsorption TES outperforms latent TES.
The process energy eﬃciency is improved by more than 10%. Thus, the speciﬁc heat
structure of a process has to be taken into account when deciding for the best TES option
to integrate cogeneration in an industrial batch process.
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4.5 Discussion of model assumptions
In the interpretation of this study, the underlying assumptions have to be considered
for each technology. In particular, heat losses for latent thermal energy storage (TES)
during the long charging time are underestimated, as the employed energy recovery ratio
for latent TES was determined for short charging periods by Cottone and Mehling [127].
Furthermore, no heat ﬂow rate restrictions were taken into account for the latent TES unit.
Yet, phase change materials are known to suﬀer from poor heat-transfer characteristics
[130]; accordingly, heat ﬂow rate restrictions should be considered. It can thus be assumed
that the presented results for latent TES are optimistic estimates.
Heat losses have been considered for the adsorption system. However, the heat-
loss coeﬃcients have been calculated based on Nusselt correlations and could not be
experimentally validated (cf. Section 4.2.2). Yet, experimental validation is crucial to
achieve a valid description of the heat losses, as we discussed in Section 2.4.2. A valid
description of heat losses is even more important as the heat losses may signiﬁcantly
reduce the performance of the storage unit. As a consequence, the heat losses are further
investigated in this thesis in Chapter 6.
4.6 Summary and motivation for the following chapters
The presented study evaluates the beneﬁts of adsorption TES combined with cogeneration
for energy supply of industrial batch processes. Based on previous experiments with an
adsorption TES unit, a dynamic model is built to describe the behavior of the adsorption
TES unit. The model is calibrated to measurement data to achieve reliable simulation
results for the analysis on the system level.
A brewery is used as an exemplary industrial batch process with cogeneration energy supply.
The process-heat demand of the brewery is satisﬁed by the cogeneration exhaust-gas and
adsorption TES. We further study the inﬂuence of low-grade heat on the storage energy
recovery ratio. The results of this chapter illustrate the strong dependence of adsorption
TES performance on vaporization and condensation temperatures. Even more importantly,
the availability of low-grade heat for vaporization is crucial. If low-grade heat is available,
the energy recovery ratio can even rise above 100%.
The primary energy consumption is estimated for three alternative concepts to integrate
cogeneration into process energy supply: our adsorption based TES system is compared
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to a conventional system with a peak load boiler and an innovative system with latent
TES. The study shows that thermal energy storage is always superior to a peak boiler:
thermal energy storage can signiﬁcantly reduce primary energy consumption for industrial
batch-process energy supply. The choice of the best storage technology depends on the
process-speciﬁc structure of heat supply and demand: integration of low-grade heat by
adsorption TES can immensely enhance the process energy eﬃciency.
The discussion of the model assumptions (cf. Section 4.5) conﬁrms that a comprehensive
assessment of the beneﬁts of TES for an energy system relies on an accurate description of
the performance of the considered TES technology. The performance is determined by the
dynamic properties of the TES system, in particular the achievable heat ﬂow rates, and
the heat losses.
Thus far, the heat losses cannot be determined by the measurements of the adsorption TES
unit (cf. Section 4.2.2). Furthermore, the measurements of heat ﬂow rates, and especially
of the evaporator heat ﬂow rates, are uncertain, because the temperature diﬀerences across
the heat exchangers are below or close to the measurement uncertainty of the experimental
setup for brewery investigations (cf. Section 4.1).
As a consequence, in the model, we assume an ideal evaporator and the heat losses are
derived from literature (cf. Figure 4.4). However, all deviations that may be caused by
model assumptions are adjusted during adsorber calibration: erroneous heat-loss coeﬃcients
and missing limitations in the evaporator model are compensated by the adsorber heat
and mass-transfer coeﬃcient. Although the model accurately describes the performance of
the storage unit (cf. Figure 4.5), a thorough performance analysis remains diﬃcult: the
performance of the individual components, i.e. evaporator and adsorber, and the heat
losses of the storage unit cannot be analyzed separately. However, optimization of a TES
unit requires identiﬁcation of bottlenecks in the performance of the components of a TES
system.
Hence, the goal of the following chapters is to provide a model that accurately describes the
performance of the adsorption TES unit while distinguishing between adsorber, evaporator
and the interaction with the environment, i.e. heat losses. To accurately determine the
heat ﬂow rates and the heat losses of the adsorption TES unit, we build a new experimental
setup (Chapter 5) with improved measurement accuracy and more measurement positions
to enable thorough measurements of heat losses. With this new setup, a comprehensive
experimental characterization of the performance of the adsorption TES unit is possible
(Chapter 6). With the measurements of heat losses and storage cycle performance, we are
able to thoroughly calibrate all relevant heat and mass-transfer coeﬃcients in both the
adsorber model and the evaporator model of our storage-unit model (Chapter 7).
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Storage Units
The results from Chapter 4 emphasize that the assessment of an adsorption thermal
energy storage (TES) system requires the precise knowledge of the TES performance. The
performance is a result of the dynamic properties of the TES system, i.e. the achievable heat
ﬂow rates and the heat losses. The heat losses of a closed-adsorption-TES unit have not
yet been accurately determined (cf. Section 2.4.2). Previous experimental investigations
(cf. Section 4.1 and Reference [107]) have proven the feasibility of adsorption TES, but the
measurement equipment dis not allow for the determination of heat losses (cf. Section 4.2.2):
the temperature of the casing wall of the storage unit is not measured and the resolution
of the existing measuring devices is not suﬃcient for low heat ﬂow rates.
To allow for an accurate determination of heat losses and performance of the adsorption-
TES unit from Chapter 3, we present a new experimental setup for storage characterization
in Section 5.1. We further introduce the design of an adsorption-TES unit with a valve
between adsorber and evaporator in Section 5.2.
5.1 Experimental setup
The performance characterization of adsorption TES requires accurate quantiﬁcation of
the heat ﬂow rates in both parts of the storage unit, the adsorber and the evaporator. For
a comprehensive experimental analysis, the relevant process conditions should be emulated,
in particular the time delays for storage periods and the temperatures of charging and
discharging.
Adsorption TES systems are applicable to various processes on diﬀerent temperatures (cf.
Sections 2.3and 2.5.5). However, a maximum temperature can be identiﬁed based on the
equilibrium data of the storage working pair. The zeolite 13X, which is applied in this
thesis, is nearly dry at 250 ◦C [85]. As a result, for higher temperatures, heat is no longer
stored by adsorption and the storage principle alters to purely sensible TES.
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Thus, our zeolite-based setup is designed for storage measurements with temperatures up
to 260 ◦C. To provide for the required working conditions, a thermal oil is used as the heat
transfer ﬂuid to allow for high temperatures without a pressurized system. We choose a
thermal oil with a comparably low viscosity to ensure turbulent ﬂow regimes and thus
good heat transfer rates at most temperature conditions. More detail on the oil is provided
in Appendix A.2.
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Figure 5.1: Experimental setup with adsorption-TES unit (left) and oil and water circulation
systems. Insulation is removed for better visibility of the single parts.
Figure 5.1 shows a picture of the experimental setup with the storage unit. The adsorber
heat exchanger is connected to the circulation system of the thermal oil. For charging, the
oil in the circulation system is heated by an electric heater with maximum output of 3 kW.
During discharging, heat is released via a secondary heat exchanger to a water circulation
system, allowing for temperatures up to 90 ◦C without a pressurized system.
The water circulation system is also equipped with an electric heater to provide heat to
the evaporator. To cool the evaporator, the water circulation system is connected via a
heat exchanger to the refrigeration cycle of the laboratory. Here, a minimum temperature
of 9 ◦C can be provided.
The automatic control of all components in the circulation systems, including heaters,
valves and variable-speed pumps, enables the user to emulate diverse storage cycles and
steady-state conditions. Temperatures, heat ﬂow rates and storage periods can be adjusted
according to the application.
We measure the temperatures in the oil and water circulation systems by Pt100 resistance
thermometers. The mass ﬂow rate in the oil circulation system is measured with a Coriolis
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ﬂow meter; volume ﬂow in the water circulation system is measured with vortex ﬂow meters.
Manufacturer speciﬁcations of the measurement equipment can be found in Appendix A.
The chosen measurement equipment and the ﬂow control allows for accurate measurements
in the circulation systems connected to the heat exchangers. The measurement uncertainty
is improved by a factor of 10–20 compared to the setup we used for calibration in
Chapter 4. We are now able to determine heat ﬂow rates with a maximum uncertainty of
45W. More information on the determination of the measurement uncertainty is provided
in Appendix B.
5.2 Thermal energy storage unit
With the presented experimental setup (Figure 5.1), we characterize the performance of the
adsorption thermal energy storage (TES) unit. For the experimental and the model-based
analysis in the following chapters, we vary the design of our adsorption-TES unit. In
contrast to the storage unit studied in Chapter 4, we now separate the adsorber and
evaporator with a butterﬂy valve (cf. Figures 3.3 (b) and 5.2). 5 cm of rock wool insulation
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Figure 5.2: Scheme of adsorption thermal energy storage unit: adsorber and evaporator in
separate vacuum-sealed casings and a valve in-between. Temperature measurement
positions (T) – the dashed line shows the temperature measurement positions used
to analyze heat losses of the adsorber in Chapter 6.
are applied to the outer surface of the adsorber casing and the evaporator. The total
volume of the storage unit with insulation is Vstore = 0.148m3.
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The butterﬂy valve between adsorber and evaporator ensures mechanical separation of
water and zeolite during storage periods. As a result, the adsorption-TES unit can be
applied to storage processes with storage periods between de- and adsorption. Additionally,
the valve facilitates the measurement of equilibrium data: the adsorber can be separated
from the evaporator and the weight can be measured to determine the equilibrium loading
of the adsorber.
We measure the temperatures on the insulation, inside the evaporator and on the adsorber
casing with Pt100 resistance thermometers. Thermocouples K-type are used to measure
the ambient temperature and the temperature on the adsorber surface (cf. Figure 5.2).
Additional Pt100 resistance thermometers and Thermocouples K-type are available for
redundant measurement positions, e.g. on the surface of the adsorber casing, to control
the temperature measurements and to check for inhomogeneous temperature distributions
on the casing surface.
The measurement of the casing temperature and the improved measurement uncertainty
allow for experimental characterization of heat losses in steady-state measurements. The
experimental characterization of our adsorption-TES unit is described in the following
Chapter 6.
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This chapter provides a comprehensive analysis of the performance of our small-scale,
closed adsorption thermal energy storage (TES) unit (cf. Section 5.2). Residential heating
is considered as an application to deﬁne the discharging temperature. In contrast to
the industrial application (Chapter 4), residential heating requires lower heat supply
temperatures around 70 ◦C [131]. Even though the temperatures may be lower, storage
periods between de- and adsorption increase the storage cycle time and lead to larger heat
losses.
We use the following approach to systematically determine the heat losses of the adsorber
and subsequently evaluate the storage performance: ﬁrst, steady-state measurements
at constant temperatures are analyzed to reveal the intrinsic heat losses of the storage
unit (Section 6.1). We derive the heat-loss coeﬃcients of the adsorber and compare the
measured results to calculations based on Nusselt correlations. Moreover, we estimate the
share of radiative losses in the total heat loss to test the hypothesis of Dawoud et al. [35]
and Li et al. [33] who postulate that heat losses of a closed adsorption unit are mostly due
to radiation.
Secondly, we examine the performance of our storage unit in cycle measurements for
diﬀerent charging temperatures (Section 6.2) to ﬁnd the optimal storage temperature, as
discussed in Section 2.4.1. We start with measurements where charging (desorption) of the
storage unit is directly followed by discharging (adsorption). As the next step, we measure
storage cycles with 2 hours of storage time between de- and adsorption. Based on the
measured heat-loss coeﬃcients, we calculate the heat losses during charging, discharging
and storage to ﬁnally determine the thermal eﬃciencies of the storage unit. To provide a
Contents of this chapter have been published in:
H. Schreiber, F. Lanzerath, C. Reinert, C. Grüntgens, and A. Bardow. “Heat lost or
stored: Experimental analysis of adsorption thermal energy storage”. Applied Thermal
Engineering 106 (2016), pp. 981–991.
55
6 Experimental Analysis of Storage Performance
lower bound for the energy recovery ratio, we also measure the extreme case of long-term
storage.
To ﬁnally assess the results of our extensive storage-cycle measurements, we compare the
energy storage density and energy recovery ratio in Section 6.3. Section 6.4 provides a
summary to this chapter.
6.1 Heat-loss analysis from steady-state measurements
In this section, we deduce heat-loss coeﬃcients from steady-state measurements and discuss
the share of radiation in the total heat losses. Quantiﬁcation of heat losses is possible with
measurements at constant temperatures, since the storage unit is in steady-state condition
and neither adsorption nor any other change of internal energy occurs. During steady
state, the heat losses equal the thermal input to the storage unit:
Q˙steady−state, loss = Q˙steady−state, in (6.1)
The thermal input to the storage unit during steady state is the heat transferred to the
adsorber heat exchanger Q˙steady−state, in which is equal to the change of enthalpy of the
heat-transfer oil ΔH˙oil between adsorber inlet and outlet. This enthalpy change can be
calculated by
Q˙steady−state, in = ΔH˙oil = m˙oil coil (Tin − Tout) (6.2)
with the mass ﬂow rate m˙oil and heat capacity coil of the thermal oil.
To achieve steady state, the adsorption-TES unit is heated to a constant temperature for
at least 2 hours. We did this for three diﬀerent temperatures of the adsorber inlet from
150 ◦C to 250 ◦C. The resulting temperatures at the measurement positions in the adsorber
(cf. Figure 5.2) are shown in Figure 6.1. To analyze the inﬂuence of the temperature in
the evaporator on the results, the steady-state measurements are repeated for all adsorber
temperatures with 3 evaporator temperatures of 40 ◦C, 60 ◦C and 80 ◦C. Table 6.1 gives
the heat loss of the storage unit during steady state Qsteady−state, loss for the temperatures
of the adsorber inlet. With rising temperature in the adsorber, the heat losses increase as
expected.
The uncertainties of measured quantities in this chapter are determined as expanded
measurement uncertainty U95% with a coverage probability of 95% according to the Guide
56
6.1 Heat-loss analysis from steady-state measurements
Table 6.1: Heat loss of the adsorber during steady state Qsteady−state, loss and corresponding
expanded, relative measurement uncertainty U95%rel,Qloss for varying temperatures at
the adsorber inlet Tin.
Tin Qsteady−state, loss U95%rel,Qloss
in ◦C inW in%
250 252 16
200 171 21
150 105 27
to the Expression of Uncertainty in Measurement (GUM) [132]. Error bars in plots show
the expanded uncertainties U95%. Further details can be found in Appendix B.
The expanded measurement uncertainty U95%
Q˙steady−state, loss
of the steady-state heat loss is
28–41W with rising temperature. The resulting relative measurement uncertainty U95%rel,Qloss
of the steady-state heat loss is given in Table 6.1.
6.1.1 Heat transfer from adsorber casing to environment
The steady-state measurements allow for a quantiﬁcation of the temperature-dependent
heat losses of the adsorption-TES unit. We thus derive a temperature-dependent heat-loss
coeﬃcient to estimate the heat losses during cyclic operation of the storage unit. During
cyclic operation, heat-transfer regimes might diﬀer from steady state, since the water
vapor induces convective heat ﬂow inside the adsorber casing. In contrast, outside the
vacuum chamber, the heat-transfer mechanisms depend only on the temperature of the
casing. Hence, we consider the heat transfer outside the adsorber casing: we calculate
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Figure 6.1: Steady-state temperatures at the measurement positions deﬁned in Figure 5.2 for
Tin = 150–250 ◦C at the adsorber inlet and Tevap = 40 ◦C in the evaporator.
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Figure 6.2: Heat-loss coeﬃcients (UA)cas−env from adsorber casing to environment as a function
of temperature of the adsorber casing, calculated from steady-state measurements
(cf. Equation (6.3)) with Tevap = 40, 60, 80 ◦C, with expanded uncertainty U95%(UA),
and (UA)cas−env,VDI according to Equation (6.4).
the temperature-dependent heat-loss coeﬃcient (UA)cas−env from the adsorber casing
to the environment, using the measured heat losses during steady-state measurements
Q˙steady−state, loss (Equation (6.2)) and the corresponding temperature of the adsorber casing
Tcas and ambient temperature Tenv (cf. Figure 6.1):
(UA)cas−env =
Q˙steady−state, loss
Tcas − Tenv (6.3)
Figure 6.2 shows the calculated heat-loss coeﬃcients (UA)cas−env from the adsorber casing
to the environment as a function of temperature of the adsorber casing. The increasing
trend of the heat-loss coeﬃcient with temperature is in accordance to the ﬁndings of
Mawire et al. [84]. For diﬀerent vaporization temperatures Tevap, the variation of the
measured heat-loss coeﬃcient (UA)cas−env is within the measurement uncertainty (cf.
Figure 6.2). Accordingly, an inﬂuence of the evaporator temperature on the heat-loss
coeﬃcient (UA)cas−env can be neglected.
The relative uncertainty of the heat-loss coeﬃcient U95%rel,(UA)cas−env is only half a percent
higher than the relative uncertainty of the heat loss U95%rel,Qloss (Table 6.1). Due to the large
temperature diﬀerence (Tcas − Tenv) (cf. Figure 6.1), the uncertainties of the temperature-
measuring devices are insigniﬁcant for the relative uncertainty of the heat-loss coeﬃcient
U95%rel,(UA)cas−env. Yet, determination of the heat-loss coeﬃcient for Tin ≤ 100 ◦C is rather
inaccurate due to the low heat ﬂow rate values (Table 6.1). Hence, we only consider
steady-state measurements at Tin = 150–250 ◦C.
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To conﬁrm the physical relevance of our results, we compare the measured heat-loss
coeﬃcients (UA)cas−env to (UA)-values calculated with Nusselt correlations for heat transfer
from a cylinder wall through insulation to the environment according to the VDI heat
atlas [122]:
(UA)cas−env,VDI =
⎛
⎜⎜⎜⎝dinsλins (Acas − Ains) ln(
Ains
Acas
)︸ ︷︷ ︸
conductive
+ 1
αinsAins︸ ︷︷ ︸
convective
⎞
⎟⎟⎟⎠
−1
(6.4)
Equation (6.4) includes a conductive term for the thickness of the rock wool insulation dins,
the surface areas of the adsorber casing Acas and of the adsorber insulation Ains. The
thermal conductivity of the insulation λins is considered temperature-dependent according
to the manufacturer [133]
λins =
(
0.0363 + 0.0002 Tcas + 5 · 10−7 Tcas2
)
W/(mK) (6.5)
with Tcas in ◦C. The convective term in Equation (6.4) contains the heat-transfer
coeﬃcient αins on the outer surface of the adsorber insulation
αins =
Nu λair
hins
(6.6)
with the height of the insulated adsorber hins and the thermal conductivity of air λair. The
Nusselt number Nu for free convection at the outer surface of the adsorber insulation is
calculated by
Nu =
(
0.825 + 0.387 (GrairPrairf1)1/6
)2
+ 0.435 hins
dins
(6.7)
according to the equation of Churchill and Chu [134] for a vertical plate with
f1 = (1 + (0.492/Prair)9/16)−16/9 (6.8)
found by Churchill and Usagi [135]. The correction for a vertical cylinder (0.435 hins
dins
) was
added by Fujii and Uehara [136]. The properties of air, like the Grashof number Gr and
Prandtl number Pr, are calculated at ambient temperature.
Figure 6.2 reveals the qualitative agreement between the measured heat-loss coeﬃcients
(UA)cas−env (Equation (6.3)) and (UA)cas−env,VDI calculated by empirical Nusselt correla-
tions (Equation (6.4)): the temperature dependence of the (UA)-value can be veriﬁed
and the absolute values of (UA)cas−env and (UA)cas−env,VDI are in the same range. The
measured heat-loss coeﬃcient (UA)cas−env is 24% higher than the empirical prediction.
This is presumably due to convection in the room around the storage unit. Convection
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is induced by radiator heat sources in the room and a cold window-front. The stronger
convection in the room is not predicted by the Nusselt correlation for free convection (cf.
Equation (6.7)).
Since the temperature-dependent heat-loss regime outside the adsorber casing should
be the same during steady-state and cyclic operation, we use our calculated heat-loss
coeﬃcients (UA)cas−env to determine the heat losses during storage cycles. We therefore ﬁt
a linear temperature-dependent heat-loss coeﬃcient (UA)cas−env to our measurement data.
The ﬁt is shown in Figure 6.2.
6.1.2 Radiative heat losses inside the adsorber casing
Dawoud et al. [35] and Li et al. [33] emphasize the importance of radiation for heat losses
of closed adsorption-TES units. We therefore calculate radiative losses inside the casing by
Q˙radiation = σ
Aads
1/εads + Aads/Acas (1/εcas − 1)
(
T 4ads − T 4cas
)
(6.9)
with the Stefan-Boltzmann-constant σ = 5.67W/m2/K4, the emissivities of the adsorber
casing εcas and of the adsorber surface εads and with the measured temperatures of the
adsorber surface Tads and casing Tcas.
We estimate the emissivity of the adsorber casing εcas = 0.2 with an infrared camera by
heating the casing material to temperatures in the range of 75 − 180 ◦C. For the emissivity
of the adsorber surface, we assume εads = 0.89 which is a typical value for zeolite [137].
Since the perforated sheet at the adsorber surface is made of steel with a lower emissivity,
this assumption probably leads to an overestimation of the radiative heat losses.
The measured heat losses for steady-state conditions and the radiative losses inside the
casing are shown in Figure 6.3. The share of radiation in total heat loss is nearly constant
with the temperature of the adsorber outlet Tout,steady−state:
Q˙radiation
Q˙steady−state, loss
≈ 57%. (6.10)
Besides radiation, convection and thermal bridges contribute to the total heat ﬂow rate
inside the casing. A radiation shield, as proposed by Dawoud et al. [35], could reduce the
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Figure 6.3: Heat losses from steady-state measurements at Tevap = 40 ◦C: measured total heat
loss Q˙steady−state, loss (cf. Equations (6.2) and (6.1)) with expanded uncertainty as
error bars and radiative heat ﬂow rate Q˙radiation from adsorber to casing calculated
according to Equation (6.9).
loss, but no more than 57%. The share of radiation in total heat loss could even decrease
during storage cycles, if convection increases due to water vapor ﬂow.
6.2 Storage-cycle measurements
The analysis of storage cycles is crucial to investigate the performance of a thermal
energy storage (TES) unit. A complete storage cycle includes charging (desorption) and
discharging (adsorption) and sometimes a storage period in between. In Section 6.2.1,
we present measurements with direct discharge without a storage period. We derive
the heat losses during charging and discharging, the resulting eﬃciencies and the total
energy recovery ratio (ERR) of our adsorption-TES unit (Section 6.2.2). In Section 6.2.3,
we investigate measurements of cycles with 2 hours storage time between charging and
discharging. For comparison, a cycle measurement is also presented for seasonal storage.
In our analysis, we vary the maximum temperature at the end of charging in the adsorber
from 175 up to 250 ◦C (Tdes = 175/200/225/250 ◦C), because zeolite is nearly dry at
250 ◦C [85]. Potential heat sources may be the exhaust gas from cogeneration, surplus
energy from renewable eletricity production or solar thermal collectors. Even though
recent solar thermal technologies are restricted to temperatures up to 180 ◦C [138], Li
et al. [139] expect development potential for solar systems to supply heat at temperatures
up to 250 ◦C.
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All other temperatures which deﬁne the storage process are constant: the temperature
at the end of discharging is Tads = 70 ◦C and the evaporator is kept constant at Tevap =
Tcond = 40 ◦C both during charging, when the desorbed water is condensed, and during
the vaporization process during discharging. The discharging temperature is consistent
with the heat supply temperature of a conventional radiator heating system [140].
The storage-cycle measurement procedure is as follows: the charging period is terminated
when the temperature of the adsorber outlet Tout reaches the maximum desorption
temperature Tdes. Discharging is induced by cooling of the heat-transfer oil. As soon as
the temperature of the adsorber outlet has reduced to Tout = Tads = 70 ◦C, we terminate
discharging and start with the next charging period. It is important to note that this
operation procedure leads to incomplete de- and adsorption, i.e. the potential of the storage
material is not fully explored. We chose this procedure, since it represents more realistic
performance than waiting until the heat ﬂow rate approaches zero and equilibrium is
reached in the adsorber.
For each temperature set, we measured at least three successive storage cycles. The
evaluation starts with the second successive cycle to ensure reproducible starting conditions.
The heat ﬂow rate transferred to the adsorber during cycle measurements is calculated by
Q˙cycle,in = ΔH˙oil − dUoildt . (6.11)
The enthalpy diﬀerence of the heat-transfer oil ΔH˙oil is reduced by the change of internal
energy of the oil Uoil inside the adsorber heat exchanger.
ΔH˙oil is calculated according to Equation (6.2) with data from cycle measurements
(Figure 6.4 and Figure 6.6 top). The change of internal energy of the heat-transfer
oil is given by
dUoil
dt = oilVoilcoil
dToil
dt (6.12)
with the density oil, volume Voil and heat capacity coil of the oil. We thereby neglect an
inﬂuence of oil pressure and volume change on the internal energy leading to an error of
less than 0.1%.
During storage-cycle measurements, the heat losses of the storage unit are calculated
with the (UA)-values from the steady-state measurements (cf. Section 6.1.1) and with the
measured temperatures of the adsorber casing Tcas and of the environment Tenv from the
storage-cycle measurements:
Q˙cycle loss = (UA)cas−env (Tcas − Tenv) . (6.13)
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6.2.1 Measurements with direct discharging
In a simple storage cycle, charging (desorption) is directly followed by discharging
(adsorption) without delay. Figure 6.4 shows the temperatures (top) and heat ﬂow rates
(bottom) of a typical measurement for a maximum desorption temperature Tdes = 250 ◦C.
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Figure 6.4: Storage-cycle measurement with direct discharge and maximum temperature of
the adsorber outlet during desorption Tdes = 250 ◦C and Tevap = 40 ◦C in the
evaporator. Top: Measured ambient and adsorber temperatures at positions shown
in Figure 5.2. Bottom: Adsorber heat input (Equation (6.11)) and adsorber heat
loss (Equation (6.13)).
The heat input to the adsorber Q˙cycle,in,des during charging is provided by the electric
heater with constant power of 3 kW. Since the oil circulation system suﬀers from heat
losses, Q˙cycle,in,des drops with rising temperature from 1.7 kW to 0.9 kW (cf. Figure 6.4,
bottom). During discharging, the adsorber heat ﬂow rate Q˙cycle,in,ads evolves from −3.5 kW
to −0.7 kW (cf. Figure 6.4, bottom). A bypass-valve at the secondary heat exchanger
controls the discharging heat ﬂow rate. The heat ﬂow rate is maintained constant as
long as possible. As soon as the bypass-valve is fully open, the discharging heat ﬂow rate
reduces due to a decreasing temperature diﬀerence in the secondary heat exchanger. At this
secondary heat exchanger, the outlet temperature is maintained at 65 ◦C for discharging
of the adsorber.
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The sharp peaks in the adsorber heat input occur when valves in the oil circulation
system are switched: cold or hot oil coming from the electric heater or the secondary heat
exchanger passes through the adsorber. As a result, the heat ﬂow rate appears to rise for
a short time.
6.2.2 Heat-loss analysis
The ﬁndings for adsorber heat losses from steady-state measurements (Section 6.1.1 and
Section 6.1.2) are used to analyze the performance of the adsorption-TES unit during
storage cycles.
The share of adsorber heat losses Q˙cycle loss (Equation (6.13)) in the adsorber heat ﬂow
rate Q˙cycle,in (Equation (6.11)) rises from 3.1% at the beginning of a storage cycle to 24%
at the end of desorption. The heat loss share reaches its highest value for Tdes = 250 ◦C (cf.
Figure 6.4, bottom). The share of radiative heat losses Q˙radiation in the adsorber heat ﬂow
rate Q˙cycle,in rises from 0% to 17% at Tdes = 250 ◦C. Compared to the total heat losses
during one complete storage cycle Qcycle loss, the calculated heat losses due to radiation
correspond to 57% as observed for the steady state (Section 6.1.2). It has to be noted that
radiative heat losses are calculated for a worst-case estimate with a very high adsorber
emissivity (cf. Section 6.1.2).
To analyze the storage performance in terms of energy recovery ratio, we calculate the
total heat input to the storage unit during charging
Qdes =
∫ tdes,end
tdes,start
Q˙cycle,in dt (6.14)
and the total heat output of the storage unit during discharging
Qads =
∣∣∣∣∣
∫ tads,end
tads,start
Q˙cycle,in dt
∣∣∣∣∣ . (6.15)
The energy recovery ratio ERR is the ratio of heat input to heat output, cf. Equation (2.3)
ERR = QadsQdes
. (6.16)
This deﬁnition is equal to the energy eﬃciency in Reference [33] or to the COP2 in
Reference [35]. In Section 4.3, we refer to this ratio as ηE+C− (cf. Table 4.2). The energy
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recovery ratio of storage cycles with direct discharge is referred to as ERRdirect in the
following.
The total heat losses during the processes of desorption and adsorption are calculated by
Qloss, des =
∫ tdes,end
tdes,start
Q˙cycle,loss dt (6.17)
Qloss, ads =
∫ tads,end
tads,start
Q˙cycle,loss dt (6.18)
with heat losses Q˙cycle,loss according to Equation (6.13) using the (UA)-values determined
from steady-state measurements (cf. Section 6.1). The energy recovery ratio for direct
discharge can also be calculated by
ERRcalc= ηinηout (6.19)
according to the deﬁnition by Zanganeh et al. [141] with eﬃciencies for charging
ηin = Qstored,des/Qdes (6.20)
and discharging
ηout = Qads/Qstored,ads . (6.21)
The charging eﬃciency ηin (Equation (6.20)) is the ratio of the total thermal energy which
is stored after the desorption process
Qstored,des = Qdes − Qloss,des (6.22)
to the total heat input to the storage unit Qdes (Equation (6.14)). The discharging
eﬃciency ηout (Equation (6.21)) is the ratio of the total heat output of the storage unit
Qads (Equation (6.15)) to the total thermal energy in the storage unit before the adsorption
process starts
Qstored,ads = Qads + Qloss,ads . (6.23)
The results of the storage-cycle measurements with direct discharge are shown in Figure 6.5.
The measured energy recovery ratio for direct discharge ERRdirect rises from 85 to 91% with
decreasing temperature of desorption Tdes. The discharging eﬃciency ηout remains high
(95-96%) while the charging eﬃciency ηin drops from 96 to 91% for higher temperatures
of desorption. This reduction of charging eﬃciency is due to increasing heat losses. First,
heat losses increase due to a higher temperature diﬀerence between the adsorber and the
environment. Second, the charging heat ﬂow rate reduces with rising temperature in the oil
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Figure 6.5: Energy recovery ratios ERRdirect (Equation (6.16)) and ERRcalc (Equation (6.19))
(with error bars) as well as charging eﬃciencies ηin (Equation (6.20)) and discharging
eﬃciencies ηout (Equation (6.21)) for direct discharge measurements at Tdes = 175–
250 ◦C.
circulation system (cf. Figure 6.4). Thus, it takes longer until the maximum temperature
in the adsorber Tdes is reached and more heat is lost.
In general, the quantitative results of the energy recovery ratio ERR depend on the
heat ﬂow rate during charging and discharging: with a lower charging rate, the storage
temperature increases more slowly and it thus takes longer to achieve the ﬁnal charging
state, i.e. the desired maximum temperature. The eﬀect is similar for the discharging
process: lower heat ﬂow rates leave the storage unit at higher temperature for a longer
period of time. Hence, slower charging or discharging leads to larger heat losses, at least
for the same maximum storage temperature. As a consequence, the results from the
simulation study in Section 4.3, with a charging period of 5 h, are not comparable to the
measurements in this chapter with approximately 2.5 h of charging (cf. Figure 6.4).
The eﬃciencies of the adsorption-TES unit are obtained on the basis of heat losses calculated
with the heat-loss coeﬃcient (UA)cas−env from steady-state measurements (Section 6.1.1).
To validate this coeﬃcient, we compared the calculated and the measured energy recovery
ratios and found that ERRdirect ≈ ERRcalc = ηinηout. ERRcalc is always slightly higher
than ERRdirect, but within the measurement uncertainty (Figure 6.5). This diﬀerence in
energy recovery ratio is probably due to a certain loss of stored energy during the switching
process between de- and adsorption. The maximum relative measurement uncertainty of
ERRdirect is U95%rel,ERRdirect = 2.3% and for the calculated ERRcalc, it is U
95%
rel,ERRcalc = 3.8%.
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6.2.3 Measurements with 2 hours storage time
Thermal energy storage is often applied to processes where heat supply and demand are
separated in time. To investigate the inﬂuence of such a storage period on the performance
of our adsorption-TES unit, we chose the following procedure: charging (desorption) is
followed by 2 hours storage time where the valve is closed between adsorber and evaporator.
Afterwards, we initiate discharging (adsorption) by opening the valve 30 s after the oil
circulation pump is turned on.
Figure 6.6 shows the temperatures (top) and the heat ﬂow rates (bottom) of a typical
measurement with a maximum desorption temperature Tdes = 250 ◦C and 2 hours storage
time. During storage, the temperatures in the oil circulation system decrease faster than
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Figure 6.6: Storage-cycle measurement with 2 hours storage time with maximum temperature
in the adsorber outlet Tdes = 250 ◦C and Tevap = 40 ◦C in the evaporator.
Top: Measured ambient and adsorber temperatures at positions shown in
Figure 5.2. Bottom: Heat input to the adsorber (Equation (6.11)) and heat losses
(Equation (6.13)).
the temperature of the adsorber surface (Figure 6.6 top), because the adsorber is much
better insulated than the oil pipes.
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Figure 6.7: Measured energy recovery ratio (ERR) (Equation (6.16)) and calculated eﬃciencies
ηin, ηout and ηstorage (Equations (6.20), (6.21) and (6.25)) for measurements with
2 hours storage time at diﬀerent desorption temperatures Tdes.
The performance of the storage unit is quantiﬁed by the energy recovery ratio ERR2h
which is plotted in Figure 6.7. The ERR2h drops to 69–74%. This is due to increased
heat losses compared to operation with direct discharge (ERRdirect = 85-91%, cf. Section
6.2.1). The result for the charging and discharging eﬃciencies are nearly the same as for
operation with direct discharge: the eﬃciency of the charging process is ηin = 92–96%.
The discharging eﬃciency is constant ηout = 96%.
In general, for storage cycles with a storage period, the energy recovery ratio becomes
ERR2h= ηinηstorageηout (6.24)
with ηstorage as the ratio of stored thermal energy before discharging Qstored,ads
(Equation (6.23)) to stored thermal energy after charging Qstored,des (Equation (6.22)).
We calculate the eﬃciency of the storage period ηstorage
ηstorage = ERR2h/ (ηinηout) (6.25)
by using the deﬁnition of ERR2h from Equation (6.16).
The eﬃciency of the storage period ηstorage for 2 hours storage time is constant around
79%. We reckon that the largest part of heat losses occur during the storage period when
the temperature inside the storage unit is at a high level for a long time (cf. Figure 6.6,
temperature of the adsorber surface).
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6.2.4 Seasonal-storage measurement
To complete the experimental analysis of our adsorption-TES unit, we specify a
measurement procedure to emulate seasonal storage with a maximum desorption
temperature of Tdes = 250 ◦C. The charging process is again accomplished by heating the
adsorber module until the outlet temperature reaches 250 ◦C. Then, we turn oﬀ all pumps,
close the valve between adsorber and evaporator and wait until the complete storage unit
is at ambient temperature. The cooldown to ambient temperature takes one week.
The discharging is prepared by heating the evaporator to 40 ◦C. Then, the valve to the
adsorber is opened. First, we wait until the temperature of the adsorber surface exceeds
70 ◦C, then we turn on the oil pump to recover the discharging heat. To be comparable to
the cyclic measurements before, we terminate the adsorption process when the temperature
in the adsorber outlet falls below Tads = 70 ◦C again.
During cooldown to ambient temperature all sensible heat is lost. The results of the
seasonal measurements thus provide a lower bound for the energy recovery ratio of our
storage unit: ERRseasonal = 14%. The metal parts in the storage unit do not contribute
to adsorption TES. The adsorber heat exchanger is designed with a large share of metal
lamellae compared to adsorbent to ensure high heat transfer rates (cf. Section 3.1). All
this metal has to be heated up for discharging. This heat has to be provided by the
storage unit itself lowering the energy that can be recovered. For measurements with lower
charging temperatures than 250 ◦C, the storage unit hardly provides heat at discharging
temperatures above 70 ◦C. Thus, lower temperatures of discharging would be beneﬁcial.
6.3 Assessment of storage performance
The energy recovery ratio (ERR) evidently rises when heat losses decrease at lower
desorption temperatures (cf. Section 6.2). However, higher desorption temperatures lead
to an increase of the amount of stored thermal energy. As a result, the performance of
a thermal energy storage (TES) unit is a compromise between the energy recovery ratio
ERR and the energy storage density ESD. This section provides a comprehensive analysis
of the ERR-ESD trade-oﬀ.
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We deﬁne the energy storage density ESD (cf. Equation (2.1)) as ratio of the discharging
heat Qads (Equation (6.15)) and the total storage unit volume Vstore
ESD = Qads
Vstore
. (6.26)
The total volume Vstore includes adsorber, evaporator and insulation (cf. Section 5.2) to
account for the total space requirements of the storage unit. As we already discussed in
Section 2.2, the reference volume has to be considered when comparing results for the
energy storage density from literature. Values of energy storage densities are often given
based on the volume or mass of adsorbent, as by Li et al. [33] or based on the volume of
the adsorber, as by Dawoud et al. [35].
We deﬁne the energy storage density ESD with the total heat recovered during
discharging Qads, because we consider this deﬁnition (Equation (6.26)) of the energy
storage density a reasonable measure of the real potential of a storage unit to provide heat.
Alternatively, we could have based our analysis on the maximum chemical potential of
the material or on the charging heat. However, we regard ESD values from maximum
potential or charging heat as misleading for practitioners, since they neglect heat losses.
The energy storage density ESD should thus be calculated with the heat output, as in
References [32, 33, 35].
Lossless operation rather provides an upper limit for the energy storage density. If the
charging process was lossless, the total thermal energy in the storage unit after the
desorption process Qstored,des (Equation (6.22)) would be the stored thermal energy. This
amount of thermal energy could then be recovered in a lossless discharging process. We
hence deﬁne
ESDlossless =
Qstored,des
Vstore
, (6.27)
according to the deﬁnition of the energy storage density in Equation (6.26). The energy
recovery ratio would be ERRlossless = 1 for lossless storage.
Figure 6.8 compares the performance for lossless operation to our measurements with
direct discharge, with 2 hours storage time and after cooldown to ambient temperature
(cf. Section 6.2). The results reveal the trade-oﬀ between energy storage density ESD and
energy recovery ratio ERR: with increasing temperature of desorption Tdes, more energy
is stored; at the same time, heat losses reduce the energy recovery ratio. However, for
storage cycles with equal storage time, ESD rises signiﬁcantly with rising temperature
while ERR drops only slightly with rising temperature. For cycles with direct discharge,
ERRdirect remains higher than 85% for all temperatures while ESDdirect nearly doubles from
11.1 kWh/m3 at 175 ◦C to 20.4 kWh/m3 at 250 ◦C. Yet, with longer storage time, ERR
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Figure 6.8: Energy storage density ESD (Equation (6.26)) versus energy recovery ratio ERR
(Equation (6.16)) for desorption temperatures Tdes = 175–250 ◦C for measurements
with direct discharge, measurements with a storage time of 2 hours and a
measurement with discharging after cooldown to ambient temperature (seasonal
storage, cf. Section 6.2.4). For comparison: upper limit for lossless operation
ESDlossless (Equation (6.27)) (lines just guide the eye).
signiﬁcantly decreases, e.g. for 2 hours storage time, to ERR2h < 74%. The storage density
decreases as well: ESD2h = 9.5–16.6 kWh/m3. After cooling the storage unit to ambient
temperature, part of the stored thermal energy can still be recovered: ERRseasonal = 14%
and ESDseasonal = 3.3 kWh/m3. Thus, even small-scale seasonal storage is possible, though
all sensible heat is lost and part of the adsorption enthalpy has to be used to reheat the
system.
We compare the energy storage densities of our adsorption TES system to the upper limit for
lossless operation at the respective temperature (cf. Figure 6.8). The ratio ESD/ESDlossless
is independent of the desorption temperature: for direct discharge ESDdirect is 93% of the
upper limit and for 2 hours storage time ESD2h is 76% of the upper limit.
The energy storage density could be enhanced even further with an increased zeolite to
metal ratio. In particular, the energy storage density for seasonal storage ESDseasonal
should increase with less metal in the adsorber module. However, the heat ﬂow rate would
be limited due to poorer heat transfer into the adsorbent bed. For a seasonal storage
application, the storage unit would also need to be larger. The investigated storage unit is
suited for short-term storage rather than for long-term storage.
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To compare our results with other authors, we convert the energy storage density ESD
in Figure 6.8 to an energy storage density ESDHX based on the adsorber heat exchanger
volume VHX by multiplying the ESD (Equation (6.26)) with Vstore/VHX = 6.67:
ESDHX =
Qads
VHX
. (6.28)
Exemplarily, for desorption to 250 ◦C and direct discharge, the energy storage density
is ESDHX = 136 kWh/m3. When applying Equation (6.28) to the results of Dawoud et
al. [35], the energy storage density is 56 kWh/m3 based on their adsorber heat exchanger
volume. For the adsorber of Li et al. [33], the energy storage density is 39 kWh/m3 based
on their adsorber heat exchanger volume. It is important to note that the temperatures
and storage times have to be considered as well when comparing values for the energy
storage density.
6.4 Summary
In this chapter, heat losses are experimentally analyzed for an adsorption-TES unit. To
determine the heat-loss coeﬃcients, we use steady-state measurements. We further show
that the heat losses are independent of the evaporator temperature Tevap.
For cycles with direct discharge and cycles with 2 hours storage time, we quantify the
thermal eﬃciencies of our storage unit. For both series of measurements, we obtain similar
charging (ηin> 91%) and discharging eﬃciencies (ηout> 95%). Most heat losses occur
during the storage period, where the eﬃciency for 2 h storage time is ηstorage = 79%.
Our comprehensive analysis of the storage performance reveals a trade-oﬀ between the
energy storage density and the energy recovery ratio. The energy recovery ratio decreases
with rising charging temperature from 175 to 250 ◦C: 91–85% for direct discharge and
74–69% with 2 h storage time. The energy storage density increases signiﬁcantly from 9.5
to 20.4 kWh/m3 based on the storage unit volume, with rising charging temperature from
175 to 250 ◦C. The energy storage density for direct discharge reaches 93% compared to
the upper limit of lossless operation. For 2 h storage time, the energy storage density is
around 76% compared to lossless operation.
We also prove that long-term storage is feasible with our small-scale adsorption-TES
unit by experimentally verifying seasonal storage with a charging temperature of 250 ◦C
and discharging at 70 ◦C. The storage unit reaches an energy recovery ratio of 14% and
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an energy storage density of 3.3 kWh/m3. These values are signiﬁcantly lower than for
short-term storage, since only a small part of the stored thermal energy, i.e. the adsorption
enthalpy, can be recovered after cooling to ambient temperature.
Our results show that heat losses cannot be neglected for adsorption TES. Despite the
thermochemical eﬀect through the adsorption enthalpy, sensible heat losses are crucial
and reduce the storage performance. Nevertheless, heat losses of a short-term adsorption-
TES unit are manageable: the energy recovery ratio remains higher than 85% for direct
discharge and higher than 69% for short storage times.
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Figure 6.9: Measurements in Chapter 6: heat-loss coeﬃcients are derived from experiments
and the adsorber performance is experimentally analyzed.
To sum up, the heat-loss coeﬃcients are now determined from measurements and the
adsorber performance is thoroughly analyzed, cf. Figure 6.9. In the following Chapter 7,
the heat-loss coeﬃcients and the storage cycle measurements are used to develop a
mathematical model that accurately describes the performance of the adsorption-TES unit
including adsorber, evaporator and heat losses.
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Storage Unit
In the previous Chapter 6, we derive heat-loss coeﬃcients for our closed-adsorption thermal
energy storage (adsorption TES) unit from steady-state measurements. Based on these
ﬁndings, in this chapter, we improve our dynamic model from Chapter 4 and provide a
thorough calibration and validation of the storage-unit model including adsorber, evaporator
and heat losses (cf. Figure 7.1 in comparison to Figure 4.4).
The goal of this thesis is to provide an accurate, yet simple model to describe the behavior
of our adsorption-TES unit for simulations on the energy-system level. For this purpose, we
choose a dynamic lumped-parameter approach with one dimensional (1-D) discretization
of the heat exchangers to describe the storage unit. Since adsorption TES is suitable for a
wide range of applications, we test the model accuracy for analysis of storage cycles in both
industrial applications such as brewing (cf. Chapter 4) as well as residential heating. The
validated model thus provides a sound basis for future investigation on adsorption-TES
systems.
This chapter starts with the introduction of the model setup in Section 7.1, focusing
particularly on the changes and improvements compared to the previous model described
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Figure 7.1: Identiﬁcation of model parameters in Chapter 7: each part of the storage-unit
model, i.e. adsorber, evaporator and heat losses, is individually calibrated with
measurement data.
75
7 A Validated Model of the Adsorption Thermal Energy Storage Unit
in Section 4.2.1. This improved model is then calibrated in Section 7.2. A simple storage
cycle with process conditions of a residential heating application with direct discharge
is used to calibrate the model, i.e. to determine the unknown model parameters. The
simulation accuracy is quantiﬁed for the calibration measurement. Further measurements
are introduced in Section 7.3 to validate the model and to quantify the prediction accuracy
of the calibrated model in Section 7.4. The chapter is summarized in Section 7.5.
7.1 Improved model setup
The mathematical model of the adsorption-TES unit with a valve between adsorber and
evaporator (cf. Section 5.2) is built upon the model established in Section 4.2.1. Due to
the valve and the new experiments, the model setup (cf. Figure 7.2) is slightly reﬁned
compared to the model used for the industrial application study in Chapter 4. The general
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Figure 7.2: Model of adsorption thermal energy storage unit: adsorber (A) and evaporator (E)
contain models of the adsorption working pair, thermal capacities (C) of casings
(cas), 1-dimensional heat exchangers (HX). The butterﬂy valve is modeled as a ﬂap
and mass transfer resistance is described with the eﬀective coeﬃcient Deﬀ . Heat
transfer resistances are modeled with the eﬀective coeﬃcients UA.
model assumptions and equations remain as described in Section 4.2.1. In contrast to
Chapter 4, we improve the description of (1) the adsorption and thermophysical properties
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of the zeolite, (2) the heat transfer to the environment, (3) the evaporator and (4) the
connection between adsorber and evaporator. These improvements are possible due to the
enhanced experimental setup (cf. Chapter 5) and the thorough examination of heat losses
in Chapter 6.
7.1.1 Adsorption and thermophysical properties of the zeolite
For the description of the adsorption process in the storage unit, the equilibrium data of
zeolite 13X and water is described according to Dubinin’s theory of micropore ﬁlling [119].
For the improved model, the equilibrium data is adjusted to our own measurements (cf.
Appendix A.1). Following Schawe [111], an arctangent function is used to describe the
characteristic function of the equilibrium data of zeolite and water. The characteristic
function gives the speciﬁc volume of adsorbate W as function of the adsorption potential
A in equilibrium state:
W (A) = W0 +
W1
π
(
arctan(A − a1
a2
) + π2
)
(7.1)
with the maximum adsorbate volume W0 = 0.2216 l/kg, the coeﬃcients W1 = −0.2152 l/kg,
a1 = 850 kJ/kg and a2 = 379.6 kJ/kg and with the adsorption potential A
A = RT ln
(
ps(T )
p
)
(7.2)
depending on the adsorbent temperature T , the pressure p and the saturation pressure ps
at the respective temperature. The characteristic function which is implemented in the
model and the measured equilibrium data are shown in Figure 7.3.
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Figure 7.3: Characteristic function for zeolite 13X.
Furthermore, to describe the thermophysical behavior of the zeolite in a large range of
temperatures from environmental temperature to 260 ◦C, the temperature dependence of
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the speciﬁc heat capacity of the dry zeolite 13X is crucial [142]. We thus use the equation
provided by Simonot-Grange [142] (on page 225) for zeolite (zeo):
cp,zeo = 0.26 J/g + 8.6 × 10−3 J/(g K) (Tzeo − 273.15K) (7.3)
to describe the speciﬁc heat capacity cads of the adsorbent (ads) in Equation (4.5).
7.1.2 Heat losses
With the thorough analysis of the heat losses of our adsorption-TES unit in Chapter 6, we
are now able to apply experimentally validated heat-loss coeﬃcients to the model. The
heat-transfer coeﬃcient from the casing to the environment (UA)cas−env(cf. Figure 7.2) is
determined from the steady-state measurements for various temperatures in Section 6.1.
The heat losses of the oil pipes (UA)pipe−loss (cf. Figure 7.2) are also determined from
steady-state measurements of the oil circulation system (cf. Appendix A.2). Thus, the
heat-loss coeﬃcients are available from independent measurements (cf. Section 6.1.1)
and can be implemented into the model as a function of temperature according to the
following equations with the constant heat-transfer coeﬃcients (UA)ce and (UA)pl and the
temperature-dependence factors fce and fpl:
(UA)cas−env = (UA)ce + fce (Tcas − 273.15K) (7.4)
(UA)pipe−loss = (UA)pl + fpl (Toil − 273.15K) (7.5)
The heat-transfer coeﬃcient from the adsorbent to the adsorber casing (UA)ads−cas (cf.
Figure 7.2) is also implemented as a function of the adsorbent temperature
(UA)ads−cas = (UA)ac + fac (Tads − 273.15K) (7.6)
with a constant heat-transfer coeﬃcient (UA)ac and the temperature-dependent term with
the factor fac. The constant values of (UA)ac and fac are determined by model calibration
in the following Section 7.2.
7.1.3 Evaporator model
The evaporator model is implemented with calibrated heat-transfer coeﬃcients for
vaporization (UA)E,HX,evap and condensation (UA)E,HX,cond (cf. Equation (4.12) and
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Figure 7.2) to ensure that possible limitations of the heat transfer in the evaporator
are described by the model. Moreover, the evaporator heat transfer depends on the ﬂuid
density E,w in the evaporator
(UA)E,HX = (UA)E + fEE,w (7.7)
with a constant heat-transfer coeﬃcient (UA)E and the constant density factor fE. The
ﬂuid density E,w is deﬁned as mass of water per inner volume of the evaporator. Since
the vapor density is negligible, E,w is proportional to the water level in the evaporator.
At high water level, the corrugated tubes on the three levels of the evaporator are mostly
ﬂooded with water. They fall dry with decreasing water level (cf. Section 3.2). The free
surface of the evaporator tubes enhances condensation. Thus, the heat transfer during
condensation (UA)E,HX,cond increases with decreasing ﬂuid density.
During vaporization, the opposite dependence on ﬂuid density can generally be expected:
the evaporator tubes have to be in contact with the adsorptive water to contribute to
vaporization. Unfortunately, the corrugated pipe of the evaporator heat exchanger does not
provide any capillary action. Thus, when the tubes fall dry at decreasing ﬂuid densities,
the heat transfer during vaporization (UA)E,HX,evap decreases.
The general relation between heat transfer and ﬂuid density is implemented in the model
(cf. Equation (7.7)). However, the complex geometry of the evaporator (cf. Section 3.2)
leads to inhomogeneous temperature and water distribution in the evaporator, leaving it
infeasible to model the evaporator behavior physically correct with a lumped model of the
VLE ﬂuid and 1-D discretization of the heat exchanger. Thus, we cannot expect a perfect
match between evaporator model and measurement. Still we achieve a more accurate
description of the storage unit performance than in Chapter 4 without limitations of heat
transfer in the evaporator model.
7.1.4 Connection of adsorber and evaporator
In contrast to the storage unit evaluated in Chapter 4, adsorber and evaporator are
separated by a butterﬂy valve (cf. Figure 3.3). This valve between adsorber and evaporator
limits the radiative heat transfer from the adsorber to the evaporator. Thus, heat transfer
between adsorber and evaporator is neglected in the improved model, i.e. Q˙A−E = 0 in the
energy balances in Equations (4.5) and (4.10).
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For the description of the mass transfer to the adsorbent, we still use the Glueckauf
[120] approach with the eﬀective mass transfer coeﬃcient Deﬀ (cf. Equation (4.4)). No
further mass transfer resistance is accounted for, if the valve is open, because the pressure
drop induced by the valve is negligible. A closed valve, which is modeled as a ﬂap (cf.
Figure 7.2), interrupts the mass ﬂow of the adsorptive water.
7.2 Calibration of the dynamic model
This section includes both the description of our calibration procedure and the results of
calibrating our improved model to a measurement from Section 6.2.1. According to Trucano
et al. [143], “calibration is to adjust a set of parameters associated with a computational
science and engineering code so that the model agreement is maximized with respect to a
set of experimental data.” We accordingly choose a calibration procedure to determine the
unknown parameters of the model of the adsorption thermal energy storage (TES) unit.
As experimental data, we choose to use measured values that are required in any case
to evaluate the storage performance in terms of heat ﬂow rates: temperatures of the in-
and outlet ﬂows of the heat exchangers and the respective ﬂuid ﬂow rates. Only one
additional temperature measurement on the casing surface is required. Further temperature
measurements are not necessary for the calibration procedure. Moreover, we use a simple
pressure gauge which monitors the vacuum conditions inside the sealed casing.
The experimental setup (cf. Section 5.1) oﬀers further temperature measurement positions,
such as the temperature measurement on the adsorber surface (cf. Figure 5.1). However,
this measurement position requires a thermocouple feed-through in the casing wall. Feed-
throughs are prone to leakage and should thus be avoided, if possible. To prove that the
feed-through can be avoided, we calibrate the model without the additional information
on the adsorber surface temperature and still achieve a very good calibration result.
For model calibration, we use the measurement of a simple storage cycle with direct
discharge (see Section 6.2.1): We charge the storage unit until the outlet ﬂow of the
adsorber reaches a desorption temperature of Tdes = 250 ◦C and immediately switch to
discharging. Discharging is stopped, when the outlet ﬂow of the adsorber drops below a
temperature of Tads = 70 ◦C. The calibration measurement is performed with an evaporator
and condenser temperature of Tevap = 40 ◦C.
The calibration approach is described in the following Section 7.2.1 with a stepwise
determination of the model parameters for heat and mass transfer in the adsorber and
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evaporator. Section 7.2.2 contains the simulation of the calibration measurement, followed
by a quantiﬁcation of the simulation accuracy in Section 7.2.3.
7.2.1 Calibration approach
For a thorough calibration, we propose to determine the heat and mass transfer coeﬃcients
of the adsorption-TES model in 4 steps using steady-state and storage-cycle measurements
from Chapter 6:
1. Heat-loss model + steady-state →(UA)cas−env
2. Evaporator model (cf. Figure 7.4) + storage-cycle →(UA)E,HX
3. Adsorber model (cf. Figure 7.5) + storage-cycle →(UA)ads−cas and (UA)A,HX
4. Storage-unit model (cf. Figure 7.2) + storage-cycle →Deﬀ
?????????
??????????????
???? ????????? ????
Figure 7.4: Evaporator model for separate calibration of (UA)E,HX.
??????? ?????
???? ?????????
?????????
?????
????????????
Figure 7.5: Adsorber model for separate calibration of (UA)ads−cas and (UA)A,HX.
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In step 1, we calculate the heat-transfer coeﬃcient (UA)cas−env from steady-state
measurement data. For the subsequent steps 2–4, we use measurement data from a
storage cycle with charging and discharging. The transfer coeﬃcients of the storage-
unit model are calibrated separately for charging and discharging, since heat and mass
transfer regimes may vary between ad- and desorption as well as between vaporization
and condensation.
To be able to separately calibrate the evaporator and the adsorber model (steps 2 and 3), we
need the state properties at the interface between the two models (cf. Figures 7.5 and 7.4).
The measured value at this interface is the vapor pressure. However, the measured pressure
at the interface between adsorber and evaporator has a large measurement uncertainty (cf.
Appendix B.2). We further need the mass ﬂow rate of the adsorptive water vapor m˙ad at
the interface between the two models. We can estimate this mass ﬂow rate from an energy
balance of the evaporator, but assumptions have to be taken. Due to these assumptions,
and due to the measurement uncertainty of the pressure sensor, the results of the separate
calibration of adsorber and evaporator are prone to uncertainty. Thus, the results of
steps 2 and 3 are an estimate of the heat-transfer coeﬃcients (UA)E,HX and (UA)A,HX.
Hence, these two coeﬃcients will be adjusted in step 4, where we can use more-accurately
measured values at the interfaces of the overall storage-unit model (cf. Figure 7.2).
In step 2, we estimate the magnitude of the density-dependent heat-transfer coeﬃcient
(UA)E,HX (cf. Equation (7.7)) from an energy balance of the evaporator heat exchanger.
In the steps 3 and 4, we calibrate the improved model (cf. Section 7.1) by simulating
the calibration measurement with model input variables I from measurement data. We
minimize the deviations between measured and simulated output variables Y to determine
the remaining model parameters P of the adsorber model (cf. Figure 7.5) and of the
storage-unit model (cf. Figure 7.2). Hence, we solve an optimization problem to calibrate
the model. As input I and output variables Y , we choose directly measured values:
temperatures, pressure and volume ﬂow rates.
In step 3, we determine the temperature-dependent heat-transfer coeﬃcient (UA)ads−cas
(cf. Equation (7.6)) and estimate the magnitude of the constant heat-transfer coeﬃcient
(UA)A,HX from separate calibration of the adsorber model (cf. Figure 7.5).
Step 4 is the ﬁnal calibration step: we use the storage-unit model (cf. Figure 7.2)
to determine the last missing model parameter, i.e. the mass transfer coeﬃcient Deﬀ .
Simultaneously, we adjust the adsorber and evaporator heat-transfer coeﬃcients (UA)E,HX
and (UA)A,HX to compensate for the assumptions that we had to make to estimate these
values. However, the estimates are crucial to our calibration procedure: The simultaneous
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calibration of heat and mass transfer cannot distinguish between the heat and mass transfer
resistance in the adsorber and thus does not lead to distinct values, but to a ratio of the
transfer coeﬃcients (UA)A,HX and Deﬀ [144]. In contrast, the separate calibration deﬁnes a
physically reasonable range for the solution space of the heat transfer coeﬃcient (UA)A,HX.
Thus, the optimization of the storage-unit model ﬁnds the corresponding mass transfer
coeﬃcient in a physically consistent range.
The next paragraphs provide details of the calibration procedure. For the ﬁnal calibration
result, readers may proceed to Section 7.2.2.
Step 1: Heat-loss model calibration
The ﬁrst calibration step is already described in Section 6.1.1, where we use steady-state
measurements to determine the temperature-dependent heat-loss coeﬃcient (UA)cas−env:
Heat losses of the adsorber are calculated from measurements with constant temperatures in
the adsorber and for diﬀerent vapor pressures. From these steady-state measurements, the
heat transfer outside of the adsorber casing is determined. Figure 6.2 shows the resulting
ﬁt for (UA)cas−env as a linear function of the casing temperature (cf. Equation (7.4)).
Numerical results are listed in Table 7.3.
Heat losses of the oil pipes are calculated from measurements at constant temperatures in
the oil circulation system, while the adsorber is bypassed. Results for the loss coeﬃcient
of the oil pipes (UA)pipe−loss (cf. Equation (7.5)) to the environment can be found in
Appendix A.2.
For the following calibration steps, we use the measurement data from the calibration
measurement, i.e. from a direct-discharge measurement with Tdes = 250 ◦C, Tads = 70 ◦C
and Tcond = Tevap = 40 ◦C (cf. Section 6.2.1).
Estimating the mass ﬂow rate of adsorptive water
To allow separate calibration of the evaporator and the adsorber model (steps 2 and 3), we
need the mass ﬂow rate of adsorptive water vapor m˙ad. To calculate m˙ad, we use measured
values from the calibration measurement: the mass ﬂow rate m˙E,HX, the in- and outlet
temperature of the evaporator heat exchanger TE,in and TE,out, and the pressure pE, which
equals the pressure at the interface between adsorber and evaporator model (cf. Figures 7.5
and 7.4). However, it has to be noted that the pressure sensor has a large measurement
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uncertainty (cf. Appendix B.2) compared to the uncertainty of the temperatures and the
ﬂuid ﬂow rates.
The mass ﬂow rate of adsorptive water vapor m˙ad is calculated with the energy balance of
the evaporator:
dUE,HX
dt + (cE mE,ave)
dTE,ad
dt + u
l
E,ad
dmE,ad
dt
=m˙E,HX (hE,in − hE,out) − m˙ad hvE,ad − Q˙E,loss , (7.8)
with the internal energy of the evaporator heat exchanger UE,HX, the heat capacity cE
and the average mass mE,ave of adsorptive water, evaporator casing and steel trays (cf.
Figure 3.2, b):
(cE mE,ave) = (cE,ad mE,ad,ave + csteel mE) , (7.9)
the temperature TE,ad, the mass mE,ad and internal energy ulE,ad of the adsorptive water
in the evaporator, the mass ﬂow rate and enthalpy change m˙E,HX (hE,in − hE,out) of the
water ﬂowing through the evaporator heat exchanger, the mass ﬂow rate m˙ad and enthalpy
hvE,ad of adsorptive water vapor leaving the evaporator and the heat loss of the evaporator
Q˙E,loss:
Q˙E,loss = (UA)cas−env (TE,ad − Tenv) . (7.10)
We assume that the adsorptive water inside the evaporator has a homogeneous temperature
TE,ad, which we assume to be equal to the temperature of the evaporator casing and the
steel trays (cf. Figure 7.4). Since the measured pressure pE equals the saturation pressure
of the adsorptive water in the evaporator, the temperature of the adsorptive water is
TE,ad = Ts (pE) (cf. Equation (4.2)).
Further, we assume that the water in the heat exchanger behaves as an ideal ﬂuid and
that the pressure drop inside the heat exchanger tube is negligible, leading to:
m˙E,HX (hE,in − hE,out) = m˙E,HX cp,w (TE,in − TE,out) (7.11)
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with the mass ﬂow rate m˙E,HX, speciﬁc heat capacity cp,w, the inlet TE,in and outlet
temperature TE,out of the water in the evaporator heat exchanger.
We also assume that the mass and heat capacity inside the evaporator heat exchanger
tube are constant and we thus approximate the change of internal energy by
dUE,HX
dt = (mcp)E,HX
(
dTE,HX
dt
)
(7.12)
assuming that the temperature gradient of all parts of the evaporator heat exchanger is
equal to the gradient of an average temperature TE,HX, which we calculate by TE,HX =
0.5 (TE,in + TE,out). The term (mcp)E,HX is the mass and speciﬁc heat capacity of the
evaporator heat exchanger, including the tube wall and water.
Moreover, if we assume that ulE,ad ≈ hlE,ad, we gain the enthalpy of vaporization Δhv =
hvE,ad − hlE,ad. As the decrease of adsorptive water mass in the evaporator is equal to the
mass ﬂow rate of adsorptive water vapor (cf. Equation (7.18)), we ﬁnally get:
m˙ad =
1
Δhv
(
m˙E,HX (hE,in − hE,out) − (cE mE,ave) dTE,addt −
dUE,HX
dt − Q˙E,loss
)
, (7.13)
with the results from Equations (7.9)–(7.12). The mass ﬂow rate m˙ad can now be used
to model adsorber and evaporator separately in the next two calibration steps 2 and 3.
However, the various assumptions leading to Equation (7.13) are prone to uncertainty,
in particular the assumption of homogeneous temperatures. Thus, the results from the
following calibration steps 2 and 3 should be adjusted in step 4.
Step 2: Evaporator model calibration
For the estimation of the evaporator heat-transfer coeﬃcient (UA)E,HX, we again use the
measured in- and outlet temperature of the evaporator and the pressure. We derive the
heat-transfer coeﬃcient (UA)E,HX from an energy balance around the evaporator heat
exchanger tube:
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dUE,HX
dt = m˙E,HX (hE,in − hE,out) − Q˙E,HX. (7.14)
The heat ﬂow rate across the evaporator heat exchanger wall Q˙E,HX can be calculated by
Q˙E,HX = (UA)overall ΔTln = (UA)overall
TE,in − TE,out
ln (TE,in − TE,ad) − ln (TE,out − TE,ad) . (7.15)
In Equation (7.15), ΔTln is the logarithmic temperature diﬀerence, which assumes a
homogeneous temperature on the outer surface of the heat exchanger tube [76]. This
temperature is equal to the temperature of adsorptive water TE,ad (cf. Equation (4.2)).
The overall heat-transfer coeﬃcient (UA)overall from the evaporator heat exchanger to the
adsorptive water combines the heat-transfer coeﬃcient of the evaporator heat exchanger
on the outer tube wall with the inner heat-transfer coeﬃcient αE,iA [129]:
(UA)overall =
(
1
(UA)E,HX
+ 1
αE,iA
)−1
. (7.16)
We hereby neglect the heat-transfer resistance of the tube wall, because it is very low
compared to the heat-transfer resistances in the ﬂuid and in the adsorbent. The heat-
transfer coeﬃcient αE,i is calculated with Nusselt correlations for tubular ﬂuid ﬂow [122].
Based on the mentioned assumptions, Equations (7.14)–(7.16) allow the quantiﬁcation of
(UA)E,HX by:
(UA)E,HX =
⎛
⎜⎝
⎡
⎣m˙E,HX (hE,in − hE,out) − dUE,HXdt
ΔTln
⎤
⎦−1 − 1
αE,iA
⎞
⎟⎠
−1
(7.17)
together with the results from Equations (7.11) and (7.12).
As discussed in Section 7.1.3, we expect the heat-transfer coeﬃcient of the evaporator
(UA)E,HX to depend on the adsorptive water level in the evaporator, i.e. on the ﬂuid density
(cf. Equation (7.7)). To determine this dependence, we need the ﬂuid density as a function
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of time E,w(t). With the constant volume of the evaporator Vevap, the change in density is
proportional to the mass ﬂow rate of adsorptive water vapor m˙ad that leaves the evaporator:
dE,w
dt = −
1
Vevap
dmE,ad
dt = −
m˙ad
Vevap
. (7.18)
The mass ﬂow rate m˙ad can now be used to determine the ﬂuid density in the evaporator
for each time step (cf. Equation (7.18)).
Figure 7.6 shows the results of the calibration of the evaporator model, in particular
the results of Equation (7.17) with the heat-transfer coeﬃcient in the evaporator as a
function of the adsorptive water ﬂuid density (UA)E,HX = f(E,w) (cf. Equation (7.7)).
As expected (cf. Section 7.1.3), the heat-transfer coeﬃcient follows a linear falling trend
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Figure 7.6: Heat transfer coeﬃcient for condensation and vaporization as a function of ﬂuid
density in the evaporator. Solid lines result from Equation (7.17), dashed lines
show the heat-transfer coeﬃcients implemented in the model after calibration of
the storage-unit model.
during condensation. The heat transfer during vaporization is obviously limited at low
ﬂuid densities, as expected. However, for rising ﬂuid densities, the heat-transfer coeﬃcient
(UA)E,HX,evap (evaporator model, Equation (7.17)) does not monotonically increase, but
even decreases. However, we decided not to model this inverse trend, because the physical
reasons are not clear and large systematic uncertainties have to be expected for the input
variables to Equation (7.17) due to the manifold assumptions.
The adsorptive water is not distributed evenly to all three evaporator levels (cf. Section 3.2)
and we cannot assure that the water ﬂow is distributed evenly through all three parallel
heat exchanger tubes. Thus, the assumption of a homogeneous tube surface temperature
is inaccurate. In particular during high ﬂow rates of adsorptive water at the beginning of
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vaporization, we expect the water surface to cool down more quickly than the evaporator
sump, leading to large temperature gradients. However, the lumped model does not allow
for describing these eﬀects. Moreover, temperature of the water is calculated from the
pressure measurement, which adds large measurement uncertainty (cf. Appendix B.2).
The calculated heat-transfer coeﬃcient of the evaporator heat exchanger (UA)E,HX provides
an estimate of the correct physical range of the parameter value. It is eventually adjusted
later while calibrating the storage-unit model. During calibration of the storage-unit
model, we use measurement data with high accuracy as input variables leading to an
accurate calibration result. Hence, Figure 7.6 also contains the curve for the coeﬃcient
(UA)E,HX which is implemented in the ﬁnal model. The coeﬃcient of heat transfer in the
evaporator (UA)E,HX is described with a linear dependence on the water ﬂuid density (cf.
Equation (7.7)).
Optimization problem
For the subsequent steps 3 and 4, we solve optimization problems to calibrate the remaining
model parameters (P ). To solve the optimization problems, we analyze the entire solution
space with a full factorial design to ﬁnd optimal model parameters (P ). Our dynamic
model, containing the diﬀerential states X and the algebraic states Z, is a nonlinear system
of diﬀerential algebraic equations (DAE). The DAE system can generally be written as
d
dtX(t) = F(X(t), I(t), Z(t), P )
0 = f(Z(t), X(t))
As the objective function for the optimization, we deﬁne the root mean square deviation
RMSD of the measured and simulated output variable Y normalized with its measurement
uncertainty uY (cf. Appendix B):
RMSDnorm(Y ) =
√∫
[(Ymeas(t) − Ysim(t)) /uY (t)]2 dt
Δt ). (7.19)
By referring to the uncertainty of the measured values, we create a dimensionless objective
function that takes into account the data quality.
88
7.2 Calibration of the dynamic model
If we use more than one output variable Y for calibration, we calculate the arithmetical
mean of the normalized root mean square deviations of the output variables
RMSDnorm =
1
N
N∑
i=1
RMSDnorm(Yi)
with N being the number of output variables used for calibration. Further weighting is not
necessary, since the root mean square deviations RMSDnorm are already normalized with
the corresponding measurement uncertainty.
The optimization problem ﬁnally reads:
min
P
RMSDnorm(X(t), I(t), Z(t), P ) (7.20)
s.t. X˙(t) = F(X(t), I(t), Z(t), P )
X(t = 0) = X0,
Pmin ≤ P ≤ Pmax (7.21)
which we solve by full factorial design [145]: A parameter sweep is performed with
reasonable values of the missing model parameters P . GenOpt® [146] is used to raster
the results of the objective function RMSDnorm(Y ) for all possible combinations of the
parameters P . We thus avoid local minima of our objective function. Moreover, the full
factorial design allows for a sensitivity analysis of the results.
Step 3: Adsorber model calibration
Calibration of the adsorber model is performed to determine the model parameters Padsorber
for heat transfer in the adsorber: from the adsorber heat exchanger to the adsorbent
(UA)A,HX and from the adsorbent to the casing (UA)ads−cas. For this purpose, the adsorber
model (cf. Figure 7.5) is simulated separately as follows: the input variables Iadsorber to the
simulation of the adsorber model are the mass ﬂow rate m˙oil and the input temperature
TA,in of the oil, the ambient temperature Tenv and the enthalpy hvad and mass ﬂow rate of
the adsorptive water m˙ad (cf. Equation (7.13)).
During condensation, the enthalpy of the water vapor hvad which leaves the adsorber is
assumed to have the same temperature as the adsorber Tads. Incoming water vapor during
vaporization is modeled assuming that the temperature of water leaving the evaporator is
equal to the saturation temperature.
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The output variables Yadsorber for calibration of the adsorber model are the output
temperature and the casing temperature. Finally, we have the diﬀerential states of
the adsorber model Xadsorber and the algebraic states Zadsorber, listed in Table 7.1.
Table 7.1: Variables for the optimization problem to calibrate the adsorber model.
model parameter Padsorber (UA)A,HX , (UA)ads−cas = f((UA)ac, fac)
input variables Iadsorber m˙oil, TA,in, Tenv, m˙ad
diﬀerential states Xadsorber TA, wA, TA,HX,i, TA,cas
algebraic states Zadsorber properties of all media in the adsorber
output variables Yadsorber TA,out, TA,cas
The heat-transfer coeﬃcient of the adsorber heat exchanger (UA)A,HX is assumed to be
constant and the heat-transfer coeﬃcient from the adsorbent to the casing (UA)ads−cas
is temperature dependent with the constant (UA)ac and temperature-dependence factor
fac (cf. Equation (7.6)). The parameter sweep is started with a broad range of possible
heat-transfer coeﬃcients varying from 1 to 500W/K and temperature dependence-factor
from 0 to 1W/K2. This broad range of values ensures that the minimum of the objective
function RMSDnorm(TA,out, TA,cas) is found in the optimization. Results of the calibration
of the adsorber model are shown in Figure 7.7 as contour plot with a variation of the heat-
Figure 7.7: Results of adsorber model calibration for desorption (left) and adsorption (right):
Heat transfer of adsorber heat exchanger to adsorbent (UA)A,HX and adsorbent to
casing (UA)ads−cas according to Equation (7.6) with the constant (UA)ac and factor
fac. Contour plots show the arithmetical mean of the normalized root mean square
deviations of measured and simulated adsorber output temperature and casing
temperature RMSDnorm(TA,out, TA,cas); white crosses result from calibration of the
storage-unit model.
transfer coeﬃcients (UA)A,HX and (UA)ac for the best ﬁt of the temperature-dependence
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factor fac. The results of the heat-transfer coeﬃcients (UA)ads−cas (cf. Equation (7.6)) are
also shown in Figure 7.8 as a function of the adsorber temperature. The results for de-
and adsorption are in the same order of magnitude, which is physically consistent.
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Figure 7.8: Heat transfer coeﬃcient from adsorber to casing (UA)ads−cas as function of the
adsorber temperature Tads for de- and adsorption: results of the calibration of the
storage-unit model.
The calibration of the adsorber model relies on the estimation of the mass ﬂow rate of
the adsorptive water m˙ad (cf. Equation (7.13)). Since the calculation of m˙ad is prone to
uncertainties, we adjust the heat-transfer coeﬃcients (UA)A,HX again in the next calibration
step. Nevertheless, we do not recalibrate (UA)ac, because the driving temperature diﬀerence
for the heat ﬂow from the adsorber to the casing is suﬃciently large (cf. Figure 6.1) and
does not vary signiﬁcantly with m˙ad.
Step 4: Storage-unit model calibration
Finally, the last calibration step combines adsorber and evaporator to the storage-unit
model to determine the coeﬃcient Deﬀ for mass transfer in the adsorber. The input
variables Istorage−unit to the simulation with the storage-unit model are the mass ﬂow
rates and the input temperatures of oil and water as well as the ambient temperature,
cf. Table 7.2. The output variables Ystorage−unit for calibration are the adsorber output
temperature and casing temperature, the evaporator output temperature and the pressure
inside the evaporator. These variables are listed in Table 7.2 together with the diﬀerential
Xstorage−unit and algebraic states Zstorage−unit of the storage-unit model.
The model parameter of the calibration of the storage-unit model are the mass transfer
coeﬃcient Deﬀ and the heat-transfer coeﬃcients in the adsorber (UA)A,HX and the
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Table 7.2: Variables for the optimization problem to calibrate the storage-unit model
model parameter Pstorage−unit Deﬀ , (UA)A,HX , (UA)E,HX = f((UA)E, fE)
input variables Istorage−unit m˙oil, TA,in, Tenv, m˙E,HX, TE,in
diﬀerential states Xstorage−unit E, TE, TA, wA, TA,HX,i TE,HX,i, TValve, TA,Cas
algebraic states Zstorage−unit properties of all media in adsorber and evaporator
output variables Ystorage−unit TA,out, TA,cas, TE,out, pA
evaporator (UA)E,HX (cf. Equation (7.7)). We adjust the heat-transfer coeﬃcients once
again (compare Padsorber and Pstorage−unit in Table 7.1 and 7.2), since the input variables
Istorage−unit in this ﬁnal calibration step are all measured directly and thus more accurate. In
contrast, the rather inaccurate vapor ﬂow rate of adsorptive water m˙ad (cf. Equation (7.13))
was used to split the model into evaporator and adsorber to separately determine the
heat-transfer coeﬃcients.
For the full factorial design, the parameter values are varied in the following range:
the constants of the heat transfer coeﬃcient (UA)E,evap/cond in the evaporator (cf.
Equation (7.7)) are varied from 0 to 1200W/K and the density-dependence factors
fE,evap/cond are varied between -5 and 5Wm3/(K kg). The heat-transfer coeﬃcients in the
adsorber (UA)A,HX,des/ads are varied from 30 to 100W/K. The mass transfer coeﬃcients
Deﬀ,des/ads are varied from 1 × 10−11 to 1 × 10−7 m/s2.
In the calibration of the storage-unit model, the de- and adsorption phase are calibrated
simultaneously, because separate calibration of the desorption parameters leads to bad
initial conditions for adsorption. Hence, the optimization problem has eight variables
Pstorage−unit as degrees of freedom. The eight-dimensional result cannot be depicted
graphically, but is given in Table 7.3, where the ﬁnal calibration results are listed. These
coeﬃcients are implemented in the model.
Table 7.3: Model parameters from calibration.
Coeﬃcient Desorption Adsorption Unit
(UA)cas−env 0.6789 + 0.0036 Tcas W/K
(UA)E,HX 575 − 1.5 E,ad −125 + 1 E,ad W/K
(UA)A,HX 75 70 W/K
(UA)ads−cas 0.4 + 0.016 Tads 2.6 + 0.005 Tads W/K
Deﬀ 1e-7 1e-7 m2/s2
Mass transfer coeﬃcients larger than 1 × 10−7 m/s2 do not alter the simulation results,
as mass transfer does not limit the process anymore. Thus, our result of the mass
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transfer coeﬃcients Deﬀ = 1 × 10−7 m/s2 during desorption and adsorption conﬁrms what
is consensus in literature: the main limitation is the heat transfer [89], especially for loose
grain conﬁgurations [12].
The ﬁnal values of the heat-transfer coeﬃcients are close to the results from the separate
adsorber and evaporator model calibration. Figure 7.7 shows that the ﬁnal values for
(UA)A,HX are only slightly altered compared to the calibration of the adsorber model.
For the charging period, i.e. during condensation, the heat-transfer coeﬃcient of the
evaporator (UA)E,HX,cond is very close to the results from separate calibration (cf. red lines
in Figure 7.6). The corresponding heat-transfer coeﬃcient during discharging is slightly
adjusted. The ﬁnal result for the heat-transfer coeﬃcient (UA)E,HX,evap (blue dashed line
in Figure 7.6) shows that the heat transfer during vaporization limits the process at low
ﬂuid densities and increases with ﬂuid density, just as we expected.
7.2.2 Simulation results of the calibration measurement
Figure 7.9 shows the simulation results for the calibration measurement. Deviations
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Figure 7.9: Calibration measurement with direct discharge, Tdes = 250 ◦C and Tevap = 40 ◦C.
Top: temperatures of adsorber and evaporator. Bottom: heat ﬂow rate of adsorber,
evaporator and losses to the environment. Dashed lines show the corresponding
simulation results.
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between measured (full lines in Figure 7.9) and simulated temperatures (dashed lines in
Figure 7.9) are hardly visible. Thus, the calibrated model provides a very good agreement
between measurement and simulation. Based on these temperatures and the measured ﬂow
rates of oil and water, the heat ﬂow rates can be calculated: Q˙E,HX from Equation (7.14),
Q˙A,HX according to Equation (6.11) and the heat-loss rate according to Equation (6.13)
(cf. Section 6.2).
Figure 7.9 (bottom) shows the measured and simulated heat ﬂow rates to the adsorber and
evaporator as well as the heat-loss rate calculated with Equation (6.13). The measurement
data is well reproduced by the calibrated model despite the simpliﬁed geometry and the
few calibrated heat and mass transfer coeﬃcients. We have also checked to describe the
transfer coeﬃcients inside the adsorber (UA)A,HX and Deﬀ as depending on water content
wads or temperature Tads of the adsorbent, but the resulting simulation does not give better
results than the constant values that we ﬁnally used (cf. Table 7.3).
Figure 7.9 reveals some small deviations between simulation and experiment. These
deviations are mainly caused by the simpliﬁed geometry and by the representation of the
equilibrium data based on only few measurements of the adsorber equilibrium loading.
An error in the equilibrium data, i.e. the adsorption characteristics, may inﬂuence the
calibration of heat and mass transfer inside the adsorber and evaporator: the model for the
adsorption process could tend to underestimate the adsorption potential and thus the heat
release at low water contents in the adsorbent. The calibration can partly compensate such
a mismatch in the description of the adsorption process by adjusting the heat and mass
transfer: if heat release by adsorption is underestimated at the beginning of discharging,
the heat-transfer coeﬃcients may be overestimated in the calibration procedure. As a
result, the heat ﬂow rate (cf. Figure 7.9, bottom) is slightly overestimated by the model
as soon as the adsorption process slows down.
The simpliﬁed geometry description of the lumped model approach aﬀects the heat transfer
performance of the adsorber unit. In the model, all thermal capacities in the adsorber, i.e.
the complete zeolite and all the metal parts are heated and cooled at the same time. In
reality, e.g. during adsorption, ﬁrst the outer part of the zeolite is exposed to water vapor.
Thus, the outer shell heats up ﬁrst, so the adsorber faces a high temperature in the outer
zeolite beads at the beginning of adsorption. As the metal parts of the heat exchanger have
a good thermal conductance, the temperature rise can quickly be transferred to the oil
tube. The measured heat ﬂow rate Q˙A,HX has a peak then. The same eﬀect applies for the
desorption at the beginning of the measurement where a sharp change in oil temperature
and good thermal transfer in the metal parts of the heat exchanger lead to high heat ﬂow
rates (cf. Figure 7.9, bottom). These high heat ﬂow rates are not exactly reproduced by
the model as it does not distinguish between metal and zeolite, but assumes a homogeneous
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material. As a result of calibration, by minimizing the deviations between measurement
and simulation, we tend to overestimate the heat-transfer coeﬃcient of the adsorber heat
exchanger in order to compensate for the underestimated heat ﬂow rate at the beginning
of de- and adsorption. Figure 7.9 (bottom) reveals that this underestimation of the heat
ﬂow rate lasts for around three minutes and then the curve of the simulated heat ﬂow
rates crosses the measured curve. Subsequently, the model slightly overestimates the heat
ﬂow rates at the end of each de- and adsorption.
The evaporator heat ﬂow rate Q˙E,HX follows the same trend as the adsorber: heat ﬂow
rates are slightly underestimated at the beginning of vaporization and condensation and
slightly overestimated later. This trend is determined by the adsorber, because desorption
and adsorption inﬂuence the vapor pressure and cause the water vapor to condense and
vaporize.
Despite small deviations, the model correctly describes the dynamics of the storage process
(cf. Figure 7.9, bottom): the simulated heat ﬂow rates closely follow the trend of the
measured values. The heat losses are very accurately described by the model, since the
heat-loss coeﬃcients outside of the adsorber are calibrated independent of processes inside
the adsorber, cf. Section 6.1. The accuracy of the heat losses is mainly determined by the
casing temperature Tcas: our model correctly describes the trend of Tcas, which is used to
calculate the heat-loss rate (cf. Equation (6.13)). Thus, the heat-loss rate is inﬂuenced by
the heat transfer to the casing, which is described with the coeﬃcient (UA)ads−cas.
The calibration results of (UA)ads−cas may be inﬂuenced by the lumped model approach.
In particular, the assumption of a homogeneous temperature of the surface of the adsorber
sheet and casing is not accurate, as measurements with redundant thermometers (cf.
Section 5.1) showed gradients of more than 10K over the casing surface. However, despite
these gradients of the casing temperature, the heat ﬂow rate from the adsorber to the
casing is accurately predicted, because the driving temperature diﬀerence between adsorber
surface and casing (cf. Figure 6.1) is suﬃciently large. Thus, the visible deviation between
measured and simulated casing temperature during desorption in Figure 7.9 (top) is not
critical. During adsorption, the simulated casing temperature and thus the heat losses are
precisely described by the model.
Altogether, the model describes the temperatures and heat ﬂow rates of the calibration
measurement very accurately. The small visual deviations are quantiﬁed and compared to
the measurement uncertainty in the following Section 7.2.3.
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7.2.3 Simulation accuracy measures
Comparing the simulation result visually to the measured result gives an idea of the
model accuracy. Though, it remains diﬃcult to compare to other storage models, if
only temperature curves are shown (cf. Section 2.5.4). Consequently, we use statistical
measures to quantify the accuracy of the model and at the same time make the accuracy
comparable. Since the performance of a storage unit is deﬁned by heat ﬂow rates and
transferred energies, we quantify the simulation accuracy with two statistical measures
that describe (1) the accuracy of the simulated heat ﬂow rates and (2) the accuracy of the
simulated transferred energies.
The accuracy of the heat ﬂow rates, i.e. the dynamics of the system, is given by the
coeﬃcient of variation CV of the heat ﬂow rates. The CV was already introduced by
Lanzerath [93]. As deﬁned in Equation (2.5), the CV is based on the root mean square
deviation RMSD divided by the average heat ﬂow rate.
The accuracy of the thermal energy, e.g. to describe the eﬃciency or the energy storage
density, is given by the relative deviation of the transferred thermal energy ΔErel, which
we deﬁne as
ΔErel =
∫
Q˙meas dt − ∫ Q˙sim dt∫
Q˙meas dt
. (7.22)
The coeﬃcient of variation CV of the relevant heat ﬂow rates for the calibration
measurement is shown in Figure 7.10a and the relative deviation of the thermal energy
ΔErel for the calibration measurement is plotted in Figure 7.10b. Furthermore, the relative
measurement uncertainty (cf. Appendix B) is plotted and can be used to evaluate CV and
ΔErel. It is important to notice that the calculation of the shown uncertainties does not
include any systematic error. The bias in measurement, e.g. the temperature measurement
on the adsorber casing at only one point, can lead to even higher uncertainties than
calculated.
The model provides good simulation accuracy for the calibration measurement.
Figure 7.10a shows that the coeﬃcients of deviation (CV ) of the heat ﬂow rates are
quite low: CVdes = 8.5% for desorption and CVads = 6.9% for adsorption. These values
attest an excellent accuracy compared to CVadsorber,L = 25.3% for the heat ﬂow rates of
the zeolite adsorber after calibration of Lanzerath’s (L) adsorption chiller [93]. The very
accurate description of the heat losses (CVloss = 3.9%), which were neglected by Lanzerath
[93] in their chiller model, is certainly fundamental here.
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Figure 7.10: (a) Coeﬃcient of variation CV of the heat ﬂow rates (b) and relative deviation of
thermal energy ΔErel of the calibration measurement. Red error bars show the
corresponding relative measurement uncertainties.
For the evaporator heat ﬂow rates, the coeﬃcients of variation are CVcond = 17.8% for
condensation and CVevap = 24.8% for vaporization (cf. Figure 7.10a). These values are
obviously higher than for the adsorber, but the measurement uncertainty is also higher in
the evaporator than in the adsorber due to lower absolute heat ﬂow rates. The coeﬃcients of
performance of the evaporator are comparable to Lanzerath’s results [93]: CVcond,L = 33.3%
and CVevap,L = 20.2%. We can conclude that, despite the larger geometry of the TES
adsorber compared to the chiller adsorber, the lumped model describes the dynamics of
the storage unit very accurately.
The accuracy of the energies transferred during the charging and discharging period, i.e.
the relative deviation of thermal energy ΔErel, is much better than the measurement
accuracy of the evaporator and of the heat losses (cf. Figure 7.10b): ΔErel,cond = 5.9%,
ΔErel,evap = 4.7% and ΔErel,Loss = 2.6%. For the energy that is stored and released
by the adsorber, the accuracy is in the range of twice the measurement uncertainty:
ΔErel,des = 5.7% and ΔErel,ads = 4.6%. These values are much better than the simulation
accuracy of e.g. Belmonte et al. [105], who achieve relative deviations of 8–13% between
measured and simulated energies during charging and discharging of a latent TES system
with paraﬃn. Consequently, storage performance ﬁgures, such as the energy recovery ratio
and the energy storage density, can be determined very accurately with the calibrated
model of our adsorption-TES unit.
97
7 A Validated Model of the Adsorption Thermal Energy Storage Unit
7.3 Model validation for varied storage applications
In the next step, the prediction accuracy of our calibrated model is quantiﬁed. For this
purpose, we use measurement data which was not used for calibration. The aim is to verify
that the storage-unit model, after calibration with a simple charging/discharging cycle, is
capable to accurately describe more complex thermal energy storage (TES) processes from
various applications.
The validation measurements include the brewing process and residential heating with
variations of temperatures and of the discharging procedure: discharging after a storage
period (cf. Sections 6.2.3 and 6.2.4) and direct discharge with a two-part discharging
period: ﬁrst, the sensible heat is recovered with the valve closed between adsorber and
evaporator, then the valve is opened and adsorption proceeds.
For validation, the calibrated model is used to simulate the storage performance during a
storage cycle measurement. The prediction accuracy is then quantiﬁed by comparing the
simulation to the measurement data. Table 7.4 gives an overview of the measurements that
are used for validation of the dynamic model. All experiments were performed with the
setup described in Chapter 5. The measurement procedures are explained in the following
Sections 7.3.1–7.3.3.
7.3.1 Residential-heating application
In Chapter 6, we describe measurements with discharging temperatures for residential
heating and variable storage times τ from direct discharge and 2 h storage time to seasonal
storage, and with varying charging temperatures from 175 to 250 ◦C. Besides the calibration
measurement with a discharging temperature of 250 ◦C and 40 ◦C in the evaporator, we
use direct-discharge measurements with 20 and 40 ◦C in the evaporator and discharging
temperatures of 175–250 ◦C for model validation.
The measurements with 2 h storage from Section 6.2.3 are also simulated with the calibrated
model. In these measurements, the charging and discharging process is delayed by a 2 h
storage period. The heat losses during the storage period lead to cooling of the adsorber;
the temperature in the adsorber decreases.
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Table 7.4: Overview of measurement procedures for storage applications of residential heating
and industrial process: charging period with temperature of condensation Tcond
and desorption end temperature Tdes; storage times τ and discharging period with
temperature of vaporization Tevap and adsorption end temperature Tads; heat ﬂow
rate limit Q˙ads to open the valve between adsorber and evaporator during discharge-
control measurements. The calibration measurement is underlined in the ﬁrst row,
the rest is used for validation.
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The measurement for a seasonal storage application is introduced in Section 6.2.4. Seasonal
storage represents the extreme case of a storage period with cooldown to environment
before discharging.
In all residential heating measurements, charging of the storage unit is immediately started
after a discharging period of the same measurement type. All discharging periods are
terminated when the adsorber outlet temperature falls below 70 ◦C. As a result, the
measurements do not start from steady-state conditions, but after a sudden change in the
ﬂuid ﬂows of the circulation systems after switching from one operation mode to another:
from heating to cooling mode and vice versa. The sudden change leads to an overshoot in
the controls for temperatures and heat ﬂow rates, which oscillate for a short time.
In the residential heating measurements, the temperature in the water circulation system
providing heating and cooling to the evaporator unit is set to 20 ◦C and 40 ◦C (cf. Table 7.4),
emulating the temperature of the environment or of a solar-thermal unit in winter [147].
7.3.2 Application with discharge control using the valve between adsorber and
evaporator
We further validate the model with measurements where the valve between adsorber and
evaporator acts as actuator for discharge control: the valve stays closed at the beginning
of discharging and is opened when the heat ﬂow rate falls below 2 kW.
Temperatures of the discharge-control measurements are again chosen for a residential
heating application: desorption until 250 ◦C, adsorption until 70 ◦C and vaporization and
condensation at 20 and 40 ◦C (cf. Table 7.4).
With our experimental setup (cf. Chapter 5) we hereby tested a new operation strategy
with the future goal to control the heat ﬂow rate during discharging: the valve between
adsorber and evaporator stays closed at the beginning of discharging, until the heat ﬂow
rate is decreased to a certain level. When the valve is opened, adsorption starts and the
heat ﬂow rate rises again. With the help of a controllable valve, this strategy could be used
to stabilize the discharging-heat ﬂow rate, which is still an unsolved issue for adsorption
TES application, as discussed in Section 2.1.
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7.3.3 Industrial application
The industrial application investigated in Chapter 4 is also used to validate our improved
model of the adsorption-TES unit. The validation measurement includes a charging and
subsequent discharging period at temperatures of the industrial application (cf. Table 7.4):
during charging, the adsorber is heated from 120 ◦C to 250 ◦C while heat is released during
condensation at 60 ◦C. Discharging is terminated when the adsorber outlet temperature
reaches 120 ◦C again, while the evaporator is constantly heated to 60 ◦C.
7.4 Prediction Accuracy
In this section, the prediction accuracy of the model is quantiﬁed for the validation
measurements from the previous section. The simulation results and the model validity
are discussed in Section 7.4.1. To conclude, we compare the prediction accuracy of our
model to other models from literature in Section 7.4.2.
We quantify the prediction accuracy by comparing the simulated heat ﬂow rates and
transferred energies to their corresponding measured result. The comparison leads to
the coeﬃcient of variation CV and the relative deviation of thermal energy ΔErel (cf.
Section 7.2.3). The prediction accuracy is high for low values of the coeﬃcient of variation
CV and of the relative deviation of the transferred energy ΔErel.
Figure 7.11 shows the coeﬃcient of variation CV , which is our measure for the prediction
accuracy of the heat ﬂow rates. The CV is plotted together with the measurement
uncertainty of the heat ﬂow rates (cf. Equation (2.5)) for all measurements listed in
Table 7.4. The prediction accuracy of the transferred energies is reﬂected by the relative
deviation of thermal energy ΔErel, which is shown in Figure 7.12, also in comparison to
the measurement uncertainty.
The coeﬃcient of variation CV and the relative deviation of thermal energy ΔErel for
desorption and adsorption describe the prediction accuracy of the adsorber performance.
During charging, the desorption heat ﬂow rates (CVdes) as well as the transferred energies
(ΔErel,des) are very accurately described by the model in all measurements, with deviations
of less than 15%, cf. Figure 7.11 and Figure 7.12.
The coeﬃcients of variation of the adsorption heat ﬂow rates CVads are higher the more
the adsorber is cooled down after desorption, before the valve to the evaporator is opened.
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Figure 7.11: Coeﬃcient of variation CV of the heat ﬂow rates (cf. Equation (2.5)) during
desorption, condensation, adsorption, vaporization and of the heat-loss rates for all
measurements listed in Table 7.4, plotted with the average relative measurement
uncertainty U95%rel of the corresponding heat ﬂow rate.
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Figure 7.12: Relative deviation of thermal energy ΔErel during desorption, condensation,
adsorption, vaporization and relative deviation of the total heat loss for
all measurements listed in Table 7.4, plotted with the relative measurement
uncertainty U95%rel of the corresponding energy.
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While the CVads of the direct-discharge measurements and the industrial measurement is in
the same range as for calibration, i.e. below 10%, it increases to 20% for the measurement
with a 2 h storage period, 32% for the discharge-control measurement and even 70%
for seasonal discharging. During seasonal discharging, the dynamics of the adsorber are
diﬃcult to describe due to large gradients. Nevertheless, the transferred thermal energy
during adsorption is predicted very accurately (cf. Figure 7.12), even during seasonal
discharging with ΔErel,ads between 1 and 8%.
The prediction of the evaporator performance is evaluated by the coeﬃcient of variation
CV and the relative deviation of thermal energy ΔErel for condensation and vaporization.
These measures are generally larger than for the adsorber due to lower evaporator heat ﬂow
rates and thus larger relative measurement uncertainties, cf. Figure 7.11 and Figure 7.12.
As the deviations of the transferred energy ΔErel during condensation and vaporization
are close to the measurement uncertainty, we can state that the evaporator performance is
accurately described by the model. Deviations of the transferred energies in the evaporator,
especially during condensation, are larger than in the adsorber, but still within a range of
ΔErel,evap/cond < 30%.
Throughout all measurements, the heat losses are very accurately described by the model
and deviations are within the measurement uncertainty, both for heat-loss rates (cf
Figure 7.11) as well as for the total heat loss (cf. Figure 7.12).
7.4.1 Discussion of model validity
In this section, we discuss the prediction accuracy, the remaining deviations between
simulation and measurement, and the model validity of our adsorption-TES unit model.
To support the discussion, simulation results for selected measurements are shown. For all
other validation measurements, simulation results are given in the Appendix C.2.
As in the calibration measurement (cf. Section 7.2.2), in all validation measurements, the
heat ﬂow rate is slightly underestimated at the beginning of each de- and adsorption phase
and slightly overestimated at the end. Even the time span of underestimation in the ﬁrst
quarter of an hour of discharging is equal to the calibration measurement (cf. Figure 7.9,
bottom). The same reasons apply as for the calibration measurement (cf. Section 7.2.2):
the lumped model approach ﬂattens the sharp increase of heat ﬂow rates at the beginning
of each charging and discharging period and the adsorption characteristics underestimate
the water aﬃnity of the zeolite at low loadings and thus the heat release at the beginning
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of adsorption. This mismatch of discharging-heat ﬂow rates is more pronounced, the colder
the adsorbent is and hence the larger the driving force for adsorption should be.
Adsorption characteristics
To substantiate this explanation, we take a look at the simulation result of the discharge-
control measurement: Figure 7.13 shows the resulting temperatures and heat ﬂow rates.
While the valve is closed at the beginning of discharging, no adsorption or vaporization
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Figure 7.13: Validation measurement for residential heating with closed valve at beginning of
adsorption, Tdes = 250 ◦C and Tevap = 20 ◦C. Top: temperatures of adsorber and
evaporator. Bottom: heat ﬂow rates of adsorber, evaporator and losses to the
environment. Dashed lines show the corresponding simulation results.
occurs, but the adsorber faces a purely sensible change of internal energy. In this case, the
simulated discharging-heat ﬂow rate of the adsorber is rather determined by the description
of heat transfer and geometry than by the adsorption characteristics. The simulation
slightly overestimates the heat ﬂow rate of the adsorber at the beginning of discharging
when the valve is closed (cf. Figure 7.13, bottom). As the closed valve inhibits adsorption,
we can exclude any inﬂuence of the adsorption characteristics. Thus, the overestimated
heat ﬂow rate is due to the heat-transfer coeﬃcient, which is slightly overvalued. We can
now conﬁrm the assumption that the heat-transfer coeﬃcient in the adsorber is overvalued
by calibration: during calibration, an elevated heat-transfer coeﬃcient compensates for the
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underestimated heat release by the adsorbent at the beginning of adsorption (cf. discussion
in Section 7.2.2).
The underestimation of the heat release at the beginning of adsorption, i.e. at low water
loadings, is further visible as soon as the valve is opened. Just before the valve is
opened, the adsorber unit is already cooled down by 150K and is very dry. As soon
as the valve is opened, the measured heat ﬂow rate increases sharply. This heat ﬂow
rate is strongly underestimated by the model due to adsorption characteristics that are
presumably underestimated at low water loadings. We have further conﬁrmed that the
model of the adsorption characteristics inﬂuences the simulation result, because both
evaporator and adsorber heat ﬂow rates are underestimated by the model at the beginning
of each adsorption.
As a result, the dynamics of the adsorption process are more diﬃcult to describe the
colder the adsorber is. Hence, the least accurate prediction of the adsorption dynamics is
shown by the simulation of the validation measurement of seasonal discharging (cf. CVads
in Figure 7.11).
As described in Section 6.2.4, for seasonal discharging, we heat the evaporator to 40 ◦C,
open the valve to the adsorber and wait until the temperature of the adsorber surface
exceeds 70 ◦C before turning on the oil pump to recover the discharging heat. Figure 7.14
shows the simulation results for seasonal adsorption.
The simulation follows the trends of the measurement, including the two peaks and the
drop in the adsorber heat ﬂow rate at the beginning of discharging. Nevertheless, we again
see the underestimation of heat ﬂow rates in the ﬁrst minutes, even leading to a minor
inversion in ﬂow direction of the adsorber heat ﬂow rate (cf. Figure 7.14). This inversion
in the simulation is due to the temperature of the adsorber being below the temperature
of the input oil ﬂow, an inversion in driving temperature diﬀerence. Reasons might again
be an underestimation of adsorption at low water loadings in the adsorber, conﬁrmed by
the evaporator heat ﬂow rate: when the valve is opened after cooldown to environment,
the measured peak heat ﬂow rate in the evaporator is predicted lower by the simulation.
Nevertheless, the released energy by the adsorber is in good agreement to the measured
results with deviations below 10% (cf. Figure 7.12).
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Figure 7.14: Validation measurement of discharging from seasonal application, Tdes = 250 ◦C
and Tevap = 40 ◦C. Top: temperatures of adsorber and evaporator. Bottom: heat
ﬂow rates of adsorber, evaporator and losses to the environment. Dashed lines
show the corresponding simulation results.
Lumped-model approach
The simulation results for seasonal adsorption also reveal a limitation of the lumped-model
approach. In the measurement, adsorption ﬁrst takes place at the outer beads. The metal
lamellae in the adsorber conduct the heat to the heat exchanger tube, leading to a sharp
increase in the adsorber heat ﬂow rate. As the adsorber is modeled as one homogeneous
block that cannot heat up as fast as the outer beads in the measurement, the heat ﬂow rate
is vastly underestimated at the beginning of seasonal adsorption, (cf. Figure 7.14, bottom).
The same applies for the validation measurement with discharge control where the gradient
over the adsorber bed is presumably large when the valve is opened during discharging (cf.
Figure 7.13, top). As a result, the coeﬃcients of variation of the adsorber heat ﬂow rates
are larger for the discharge-control and the seasonal measurements compared to the other
validation measurements (cf. Figure 7.11).
The underestimated heat ﬂow rates at the beginning of both de- and adsorption phases in
all validation measurements can also be traced back to the lumped-model approach. In all
measurements, thermal energy in the metal parts can be recovered fast at the beginning
of adsorption; metal parts take up heat fast at the beginning of desorption. However,
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the lumped model smooths these heat ﬂow rates. Though, these deviations in heat ﬂow
rates do not lead to deviations in transferred energy. The overestimated heat ﬂow rate
at the end of a process compensates for the underestimation at the beginning and the
transferred energy is the same in the end. Thus, the total amount of thermal energy is
accurately predicted, but with less dynamics, i.e. ΔErel (Figure 7.12) is always better than
CV (Figure 7.11).
Adsorptive water inﬂuencing the casing temperature
In the measurement for seasonal discharging, we perceive that the vaporization in the
evaporator starts with intense boiling due to the large driving force for adsorption with
the dry adsorber cooled down to ambient temperature. Figure 7.14 (top) shows the
corresponding temperatures in the storage unit. The temperature evolution of the adsorber
casing is obviously inﬂuenced by cold water vapor from the evaporator. However, the
model does not follow this trend, since the water vapor ﬂow near the casing wall is not
described by the model. The inﬂuence of cold water splashing from the evaporator can also
be observed in the measurement in Figure 7.13 (top), when the valve between evaporator
and adsorber is opened.
Incondensable gases
Regarding the deviation in energy, the validation shows excellent accuracy of the model,
except for condensation. We see a systematic overestimation of the simulated energy of
desorption and condensation, cf. Figure 7.12. During condensation, a small amount of
incondensable gases within the storage unit containment already hinders the condensation
process in the measurement [148]. The model does not cover these eﬀects, leading to an
overestimation of the simulated energy during condensation.
Excellent representation of heat losses
The prediction of the heat losses is very accurate for all validation measurements: deviations
are mostly smaller than 5%. Even for the extreme case of cooldown to environment during
a seasonal measurement, the accuracy of the heat-loss rate, which refers to the charging,
discharging and the complete cooldown phase, is very good and the CVloss is within the
measurement accuracy, cf. Figure 7.11.
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The temperatures and heat ﬂow rates of the charging period and subsequent cooldown
of a seasonal measurement are shown in Figure 7.15. During the cooldown phase, the
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Figure 7.15: Validation measurement of charging and cooldown from seasonal application,
Tdes = 250 ◦C and Tcond = 40 ◦C. Top: temperatures of adsorber and evaporator.
Bottom: heat ﬂow rates of adsorber, evaporator and losses to the environment.
Dashed lines show the corresponding simulation results.
temperature of the adsorber casing decreases more slowly than the temperatures in the
oil circulation system, due to poorer insulation of the oil pipes. Both temperatures are
accurately predicted by the model.
In general, all validation measurements (cf. Figures 7.13–7.17) prove excellent agreement
between simulated and measured heat-loss rates.
Discharging after storage periods
From the discussion of the simulation results of the seasonal measurements, we can conclude
that the model excellently describes the heat losses during cooldown to the environment.
As a result, the model very accurately predicts the energy output of the adsorption-TES
unit after the cooldown.
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For short storage periods, the prediction accuracy of our model is even better, in particular
when predicting the dynamics of adsorption TES: Figure 7.16 (bottom) shows the heat
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Figure 7.16: Validation measurement with 2 h storage time, Tdes = 200 ◦C and Tevap = 40 ◦C.
Top: temperatures of adsorber and evaporator. Bottom: heat ﬂow rates of adsorber,
evaporator and losses to the environment. Dashed lines show the corresponding
simulation results.
ﬂow rates during one complete cycle including a 2 h storage period. The simulation
results (in dotted lines) match the measurement data very well, even after the storage
period. In particular, the simulated temperatures and the heat losses excellently match the
measurements. We can conclude that the model very accurately predicts the performance
of the adsorption-TES unit for an application with short storage periods (cf. Figures 7.11,
7.12 and 7.16.)
Storage unit performance at diﬀerent temperatures
Our last test for the model is to predict the performance of a storage cycle with temperatures
that diﬀer from the conditions of the calibration measurement. The validation measurement
for the industrial application emulates the brewing process conditions from Chapter 4: the
evaporator is at 60 ◦C and discharging heat is released at 120 ◦C. Figure 7.17 (top) shows
that the temperatures are very accurately predicted by the storage-unit model, which
was calibrated with a measurement at lower temperatures, cf. Figure 7.9, top. As we saw
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Figure 7.17: Validation measurement of industrial application, Tdes = 250 ◦C, Tads = 120 ◦C
and Tevap = 60 ◦C. Top: temperatures of adsorber and evaporator. Bottom: heat
ﬂow rates of adsorber, evaporator and losses to the environment. Dashed lines
show the corresponding simulation results.
already in Section 6.1, the pressure in the storage unit does not inﬂuence the heat losses
of the storage unit to a large extent.
The heat ﬂow rates are also very accurately predicted (cf. Figure 7.17, bottom) despite the
trend of underestimated heat ﬂow rates at the beginning of each charging and discharging
period and overestimation at the end. However, the high prediction accuracy for the
industrial application measurement is evident in the coeﬃcient of variation (cf. Figure 7.11)
and the relative deviation of thermal energy (cf. Figure 7.12), which are particularly low
for the charging heat (desorption) and the process heat (adsorption). From the validation
results of the industrial application measurement (cf. Figure 7.17), we conclude that
the model very accurately predicts the measurement with temperatures that diﬀer from
calibration.
To conclude this section: the model is valid for a broad range of process conditions and
describes the performance of our adsorption-TES unit very accurately, in particular for
short storage periods. The results of the thorough model validation show the general
applicability of our adsorption-TES model.
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7.4.2 Comparison to the model of Lanzerath [93]
The quality of our adsorption-TES model can be evaluated by comparing the prediction
accuracy to other models from the literature. As emphasized in Section 2.5.5, there are
only few models with given accuracy measures to compare to. Lanzerath [93] gives the
prediction accuracy of his zeolite-chiller model with an overall coeﬃcient of variation
CVoverall,L = 27.3–44.7%. This CVoverall,L is the arithmetical mean of the CV of the
adsorber and evaporator heat ﬂow rates.
In comparison to Lanzerath [93], our model provides an excellent prediction accuracy of
the adsorber heat ﬂow rates and the heat losses: the CVdes of the heat ﬂow rate during
desorption is always below 15%. The direct-discharge simulations yield a CVads lower
than 10%, after 2 h, the CVads is the still lower than 20% and the measurements with a
closed valve at the beginning of discharging are predicted with less than 32% deviation
(cf. Figure 7.11). The comparison to the model from Lanzerath [93] also conﬁrms the very
good prediction accuracy of our adsorption-TES model for the evaporator heat ﬂow rates
during condensation and vaporization: we achieve a prediction accuracy for the evaporator
that is mostly in the range of the results from Lanzerath [93] with CVcond = 25 − 45%
and CVevap = 18 − 41%, if we exclude the discharge-control and seasonal measurement (cf.
Figure 7.11).
The prediction accuracy of the total energies can be compared to the prediction accuracy
of the coeﬃcient of performance, which is 18.7% in average for the zeolite-chiller of
Lanzerath [82]. Our model achieves an excellent prediction accuracy with small relative
deviations of the transferred thermal energies ΔErel, ranging from 2–14% during desorption,
1–8% during adsorption and mostly below 3% for heat losses, as given in Figure 7.12.
ΔErel reaches slightly higher values of 4–28% during condensation, which is 17.5% in
average, and 1–29% during vaporization, with an average value of 10%.
The comparison to the prediction accuracy of the chiller model reveals that the calibration of
the adsorption TES yields a very accurate model despite the much larger adsorber geometry.
We can thus conclude that the accuracy of a lumped-model with 1-D discretized heat
exchangers is suﬃciently high for our adsorption-TES system. The validated adsorption-
TES model allows extensive simulation studies.
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7.5 Summary
We present an experimentally validated, dynamic model of an adsorption thermal energy
storage (TES) unit with a valid description of heat losses. Heat losses are determined from
steady-state measurements (Chapter 6). Measurements of the surface temperature of the
adsorber casing allow for separate calibration of the heat transfer from the adsorber to the
environment.
To describe the storage unit, we choose a lumped-parameter model with 1-D discretization
of heat exchangers and few heat and mass transfer resistances. Despite these simpliﬁcations
of the adsorber geometry, the calibration yields a very accurate model. The reduced model
complexity of the lumped-model approach enables system simulations.
We validate the model for process conditions diﬀerent from calibration: the model is used to
predict the storage performance of the validation measurements. For validation, we choose
measurements from both the industrial process analyzed in Chapter 4 and residential
heating processes with various storage times (cf. Chapter 6) and with a discharge control
that uses the valve between evaporator and adsorber.
With the various validation measurements, we prove that we provide a versatile model
which is capable of describing the storage unit performance for diﬀerent process conditions.
The accurate description of heat losses is crucial to predict storage behavior. The validation
results show that the adsorption-TES model properly predicts the storage behavior for
storage periods with cooling of the storage unit, because heat losses of the thermal storage
unit are accurately represented by the calibrated model.
We show that the model provides good prediction accuracy despite strong simpliﬁcations of
the geometry. The lumped model assumes homogeneous temperatures and loading, which
does not perfectly describe the complex geometry of the adsorber. Strongly transient heat
ﬂow rates are smoothed, in particular at the beginning of each charging and discharging
period. However, with few exceptions, the predicted heat ﬂow rates precisely follow the
trend of the measured results.
During calibration of the heat-transfer coeﬃcient in the adsorber, a compromise is found
between the high heat ﬂow rates at the beginning of each phase and the slower heat release
later. Thus, the heat ﬂow rate at the beginning of adsorption is slightly underestimated
by the model, both in the calibration and all validation measurements. In particular, the
model underestimates the discharging-heat ﬂow rates for measurements where the adsorber
is very cold at the beginning of adsorption.
113
7 A Validated Model of the Adsorption Thermal Energy Storage Unit
In general, deviations in heat ﬂow rates do not necessarily lead to deviations in transferred
energy. An underestimated heat ﬂow rate at the beginning of a process can compensate for
overestimation at the end. In such case, the total amount of thermal energy is accurately
predicted, resulting in a high prediction accuracy for storage performance measures like
storage eﬃciency or energy density.
The deviations between measurement and simulation are quantiﬁed with two accuracy
measures, one for the heat ﬂow rates and one for the energy in- and output of the storage
unit. The proposed accuracy measures can be used to compare diﬀerent mathematical
models regarding their suitability to describe the storage performance.
Unfortunately, comparison to literature is diﬃcult, since the deviations between simulation
and measurement of adsorption-TES systems are not quantiﬁed by other authors, except
for visual comparison. Compared to a well-described model of an adsorption chiller, we
can conﬁrm that our storage-unit model achieves high prediction accuracy.
To sum up, the evaluation of the simulation results for the residential heating and the
industrial storage application conﬁrms the assumption that the storage model can be
used to describe various storage applications. Despite some remaining deviations between
measurements and simulations, the lumped model reaches a high prediction accuracy.
We thereby prove that accurate simulations of storage applications on a system level are
possible with our dynamic, lumped-parameter model.
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This thesis proposes methods to evaluate adsorption thermal energy storage (TES) in the
context of residential and industrial applications. First, an experimental and model-based
approach is used to assess the beneﬁts of adsorption TES for a new application. Second,
the performance of our adsorption-TES unit is experimentally analyzed. The thesis ﬁnally
provides a model of this storage unit that validly describes and predicts the storage
performance.
In this chapter, we conclude the achievements of this thesis (Sections 8.1–8.3) and propose
further steps towards the application of adsorption TES in practice (Section 8.4).
8.1 Assessment of a new application for adsorption thermal energy
storage
This thesis provides a thorough assessment of adsorption TES integrated for the ﬁrst time
in an industrial process. The literature review in Section 2.3 reveals that the evaluation of
adsorption TES for new applications requires (1) the analysis of the storage performance
in the system context and (2) the comparison to alternative technologies. To allow for a
thorough analysis in Chapter 4, we develop a sound dynamic model for our small-scale
adsorption-TES unit. The model is used to study and compare the performance of
adsorption TES combined with cogeneration for the energy supply of a batch process. Beer
brewing is considered as an example of an industrial batch process. As benchmark, we
consider both a peak boiler and latent TES.
The study shows that adsorption TES has the potential to increase energy eﬃciency
signiﬁcantly. The primary energy consumption of the process can be reduced by up to
25% compared to benchmark technologies. However, successful integration of adsorption
TES requires the appropriate integration of low-grade heat: preferably, the low-grade heat
is demanded while the storage unit is charged and available at times of discharging. In
conclusion, an energy supply system with adsorption TES is beneﬁcial when it makes use
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of the heat pump eﬀect. Thus, adsorption TES yields advantages if it is applied to a batch
process with waste heat and with heat demands on several temperature levels.
8.2 Experimental analysis of storage performance
The results of Chapter 4 emphasize the impact of heat losses on the performance of TES
systems (cf. Sections 2.4 and 4.6). These heat losses need to be quantiﬁed to apply storage
in practice. In Chapter 6, we demonstrate that heat losses can be accurately determined
from steady-state measurements. The heat-transfer coeﬃcients to the environment of
the storage unit are low due to the low pressure inside the adsorber casing and due to
the insulation of the casing. The low heat transfer leads to high storage eﬃciencies: the
charging eﬃciency is above 91% and discharging eﬃciency is higher than 95%.
We further quantify the energy recovery ratio and the energy storage density for varying
charging temperatures and storage times ranging from simple storage cycles with direct
discharge to seasonal-storage cycles with discharging after cooldown to the ambient
temperature.
For seasonal storage, the heat losses strongly reduce the storage density. In particular
during discharging, reheating of the storage unit to discharging temperature requires a
large part of the stored thermal energy. Thus, for a seasonal storage application, a low
temperature of discharging would be beneﬁcial.
For short-term storage, the energy storage density can be enhanced signiﬁcantly by
charging at high temperatures. While the energy recovery ratio only decreases slightly with
charging temperature due to heat losses, the energy storage density increases more strongly
with temperature. The measured energy storage density during continuous operation
corresponds to 93% of the theoretical maximum for lossless operation and to 76% for 2 h
storage time. The results show that adsorption TES can provide for eﬃcient storage.
We recommend to choose a high maximum storage temperature for short-term storage
applications. For process conditions similar to the experimental conditions in this thesis,
the high gain in energy storage density compensates for the slight reduction of the energy
recovery ratio. Consequently, adsorption TES systems can be beneﬁcial, e.g. in industrial
processes.
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8.3 Experimental model validation
To exploit the beneﬁts of adsorption TES systems for eﬃcient energy systems, reliable
models are needed. The survey of recent literature in Section 2.5 reveals that the simulation
of adsorption TES systems requires valid models for the heat losses and for the system
dynamics.
In Chapter 7, we provide a valid dynamic model for our adsorption-TES unit with a
thorough description of heat losses. The complex geometry of the adsorber is simpliﬁed
with a lumped-parameter description. The dynamic model is calibrated with experimental
data. We propose a simple calibration procedure that requires only few measured values
and yields a very accurate description of the dynamics of our adsorption-TES unit. The
description of the storage performance is excellent in comparison to models from literature.
Moreover, a comprehensive validation of the adsorption-TES model is provided, based on
validation measurements with various temperatures, various storage times and a discharging
control using the valve between adsorber and evaporator. The calibrated model accurately
predicts the temperatures and heat ﬂow rates of our adsorption-TES unit for these various
process conditions.
However, our validation results show that strong transients cannot be perfectly represented
by a lumped model of a storage unit with a considerable thermal mass and low thermal
conductance. Thus, for larger storage devices and for storage applications with strongly
ﬂuctuating heat ﬂow rates, we assume that a spatially extended model could become
necessary to accurately describe the dynamics of the storage system, in particular for
seasonal storage. Nevertheless, with our storage unit and the short-term applications it is
designed for, we achieve a very good accuracy to predict the system dynamics with our
lumped model.
We furthermore quantify the prediction accuracy to make the model quality measurable
and comparable to other models. The simulated adsorber heat ﬂow rates are predicted
with deviations of 7%–15% during charging and 6%–9% at direct discharging. After
short storage periods, the deviations are still below 20% for discharging. The evaporator
is predicted with deviations of 18%–45% and the heat losses deviate by less than 5%
from our measurements. The deviations in the predicted energy in- and outputs are below
14% in the adsorber and below 30% in the evaporator. The total heat loss is predicted
with negligible deviations of less than 3%, except for the seasonal measurement with
15%. The prediction accuracy of our model thus reaches better values than an adsorption
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chiller model from literature (cf. Section 7.4.2). Unfortunately, we could not ﬁnd any
adsorption-TES models with given accuracy to compare to.
We conclude that the dynamic, lumped-parameter model provides sound predictions and
describes heat losses with excellent accuracy. The model thus enables a simulation-based
analysis of storage applications, such as industrial applications and heating applications
with storage periods of some hours.
8.4 Future Research
The outcome of this thesis can be further applied to exploiting the advantages of adsorption
thermal energy storage (TES) for eﬃcient future energy supply systems. Recommendations
on future research are provided in the following.
8.4.1 System analysis for further applications
To exploit the advantages of adsorption TES systems, the applications should beneﬁt from
the unique features of the storage technology. Furthermore, the performance of adsorption
TES should outperform the alternative technologies for each application. In this section,
some ideas for applications of adsorption TES are outlined.
In particular in residential heating applications, it is diﬃcult to outperform a sensible TES
system with water in terms of cost and system simplicity. Compared to water, adsorption
TES has the advantage of long-term storage and of the heat pump eﬀect. However, mere
long-term or seasonal energy storage cannot be advised for economic reasons [36]. In case
of a short-term storage application in residential heating, making use of the heat pump
eﬀect would be beneﬁcial by integrating solar thermal energy at very low temperatures to
produce discontinuous heating by adsorption TES.
Water might only be outperformed if the aspect of long-term storage can be combined
with short-term storage, as Schmidt and Linder [149] propose: they suggest to regenerate
a thermochemical storage system at elevated temperatures with surplus electricity and to
use the condensation enthalpy to provide hot water to households all year long. The large
amount of thermal energy that can be stored for a long time in thermochemical reactions
could thus be used in winter for heating purpose.
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As we have seen in Chapter 4, thermal energy storage may oﬀer advantages for industrial
processes. In particular, we recommend to search for industrial batch processes to apply
adsorption TES. Even for large plants, where direct heat recovery would be possible,
direct heat recovery is often not implemented to avoid making the subsequent processes
dependent on each other [71]. On the contrary, TES systems enable to establish heat
recovery without disturbing the chronological sequence of the batch processes.
The unique advantage of the adsorption TES technology is that it makes use of waste
heat for process energy supply. On the other hand, the low temperature heat during
condensation should also be used, just as N’Tsoukpoe et al. [150] conclude. If the heat
pump eﬀect was used, adsorption TES could be very beneﬁcial to increase energy eﬃciency
of industrial batch processes. Once an appropriate application is found, the model proposed
in Chapter 7 can be used to optimize the storage integration into the process.
Concerning alternative storage technologies, de Boer et al. [71] criticize that latent TES
materials are not yet commercially available for temperatures between 120-200 ◦C and
that heat transfer rates are the most limiting aspect to apply latent TES for industrial
processes. Other storage media for this temperature region, such as concrete, need very
large storage volumes to achieve the necessary storage capacity. For very short cycle times
and heat high ﬂow rates, water vapor storage systems (Ruths storage) are commercially
available. To compete with these technologies, the high energy storage density of adsorption
systems should be combined with high heat transfer rates to apply adsorption TES to new
applications with short cycle times.
Last but not least, to evaluate adsorption TES for new applications, the costs should be
considered as well. The costs of a TES system depend on the costs per installed capacity,
the energy costs and the number of cycles per year (cf. Section 2.2). All three factors
will improve with short cycle times: processes with short cycle times often involve less
installed capacity and a higher number of cycles per year. Moreover, short cycle times
reduce heat losses (cf. Section 6.2.2), which increases the energy recovery ratio and hence
reduces the energy costs and the installed capacity. Thus, our suggestion to search for a
new application with short cycle times satisﬁes the concern of cost eﬃciency.
8.4.2 Intermittent operation and advanced control of adsorption thermal energy
storage systems
The operation strategy of a storage system has to meet the requirements of the chosen
application (cf. Section 2.1). One example is thermal energy storage to provide ﬂexibility
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for electrical load shifting with cogeneration, as Fehrenbach et al. [49] propose. This
applications requires ﬂexible operation of the storage unit. To provide this ﬂexibility, the
storage unit is charged and discharged gradually with interruptions, or it is even only
partially discharged. Thus, the storage unit performs cycles with intermittent operation.
To engineer an adsorption TES system for an application that demands ﬂexibility, the
behavior of adsorption TES during intermittent operation should be investigated. In
contrast, most experimental investigations so far perform full cycles, e.g. References [32,
33, 74, 101]. In contrast to full cycles, intermittent operation means that the storage
unit is discharged partially or discontinuously. Michel et al. [31] include one cycle with
intermittent operation in their investigation of an open thermochemical system for seasonal
TES: they stop the discharging process in-between and let the system cool down to ambient
temperature again before completely discharging the storage unit. However, their reaction
system has very slow kinetics and operates below 35 ◦C, thus the interruption during
discharging does not lead to any detectable change in performance.
For an adsorption TES system, an interruption of the discharging process could lead to
undesired eﬀects: once discharging is started, the adsorption already takes place and the
storage temperature rises. If the heat is not used immediately, the rising temperature
causes increasing heat losses. These self-discharging eﬀects have to be addressed by future
research on adsorption TES systems.
Another issue with operation strategies of adsorption TES systems is the control of the
output power, as discussed in Section 2.1. Yu et al. [30] propose to control the power
output by regulating the ﬂow rate of the heat transfer ﬂuid with a variable frequency
pump. This approach will certainly work for full storage cycles. However, in combination
with intermittent operation, i.e. partial cycles, a more sophisticated control strategy could
be beneﬁcial to avoid the self-discharging eﬀect of the adsorption TES systems. For
this purpose, we need to regulate the water vapor pressure inside the storage unit (cf.
Section 2.1).
We propose a control strategy which oﬀers advantages for cycles with intermittent operation:
the valve between adsorber and evaporator could be used to regulate the adsorption progress
and thus the heat output of the adsorber. In contrast to controlling the output power with
the heat transfer ﬂuid ﬂow rate, the valve inﬂuences the discharging process from inside
the storage unit. When the valve is closed at the beginning of discharging, the sensible
part of the stored energy can be recovered ﬁrst while the latent part of the energy remains
stored.
120
8.4 Future Research
We have started to test the control strategy with measurements of a simple discharge-
control cycle, as addressed in Section 7.3.2 and shown in Figure 7.13: the valve stays closed
at the beginning of discharging and the sensible part of the stored energy is recovered ﬁrst.
The valve is then opened as the discharging heat ﬂow rate decreases below the desired
heat ﬂow rate. Due to an uncontrollable valve, the heat ﬂow rate increases sharply as soon
as the valve is opened. However, a valve that opens gradually could be used to control the
water vapor pressure provided to the adsorber. As a result, the adsorption progress and
thus the heat output could be controlled. Such a control system with a controllable valve
could be in focus of further experimental investigations of adsorption-TES units.
8.4.3 Optimization of component design
Lumped-parameter and 1-D discretized models of adsorption TES are not only applicable
to system analysis. These models, when accurately calibrated to measurement data, can
give hints if a component might be hindering the charging or discharging process. For
instance, the model calibration in Section 7.2.1 reveals that the mass transfer is not limiting
the storage process. With a sensitivity study of the heat-transfer coeﬃcients, the limits of
further enhancements in heat exchanger optimization could be identiﬁed.
Moreover, simple design choices can be analyzed with lumped-parameter 1-D heat exchanger
models [87, 151]. One example would be to optimize the energy recovery ratio under space
restrictions by changing the size of adsorber and evaporator. However, a more thorough
optimization of the storage unit geometry requires 3-D models and a physical description
of heat and mass transfer [83]. A geometry-based modeling of adsorbers is particularly
necessary for storage systems with strongly transient heat ﬂow rates (cf. Section 7.4.1).
To achieve high charging and discharging rates without signiﬁcant loss of storage capacity,
improvements in heat exchanger design are required [71].
8.4.4 Enhanced thermochemical materials
To further develop thermal energy storage systems, it is common consensus that we
need enhanced materials with high storage densities. In particular, thermochemical TES
systems based on solid-gas reactions are in focus of current research [152]. Numerous
studies based on uptake measurements have been conducted to compare novel materials, e.g.
References [150, 153, 154], and to ﬁnd the most promising candidates for thermochemical
energy storage.
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Drawbacks of these materials are the low thermal stability of the materials and the slow
kinetics of the reaction [47]. Richter et al. [155] demonstrate heat transformation with
a closed system of calcium chloride and water. They discuss problems with the material
stability and agglomeration of the salt. Fopah Lele et al. [83] solve the agglomeration issue
of pure salts by using an aluminium honeycomb heat exchanger with strontium bromide.
However, the expected performance could not be achieved with the pure salts. To enhance
the performance, they refer to composite materials with hydrophilic salts, as proposed by
Mauran et al. [156], Yu et al. [157], Zhao et al. [158], Kariya et al. [11] and Myagmarjav
et al. [159]. Nonnen et al. [160] experimentally quantify the energy storage density of a
seasonal storage unit with a composite adsorbent in open system mode. They achieve
higher energy storage densities than with pure zeolite, but only at high partial water
pressures, which in winter is an issue for open systems due to very low humidity. Thus,
the performance of these enhanced materials again depends on the process conditions.
When chemists have overcome the stability problem for composite materials, applying
these to thermal energy storage units oﬀers potential for eﬃcient and compact storage.
In particular, closed adsorption storage systems should be investigated, because they
oﬀer limited heat loss and do not depend as much on environmental conditions, such as
humidity.
However, without an appropriate application, the choice of material and storage geometry
will be useless. We thus propose to implement the equilibrium data of novel materials to
our model-based analysis to gain ﬁrst estimates of their performance on a system level.
With the validated model from Chapter 7, we have provided the basis to proceed in this
direction.
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A Experimental Equipment and Material Data
This appendix provides information on the used adsorbent material and on the thermal oil
that is used as heat-transfer ﬂuid in the adsorber heat exchanger. Manufacturer data are
given, which are used to describe the material properties in the dynamic models.
A.1 Adsorbent
The adsorbent material is a zeolite type 13X MOLSIV Adsorbent beads by UOP LLC from
Des Plaines, IL, USA. The chemical formula of the zeolite is Nax [(AlO2)x(SiO2)y]zH2O.
The spherical beads have a diameter of 1.4mm and a bulk density of 641 kg/m3.
The crystalline structure of zeolites can be damaged under extreme hydrothermal stress
[161]. Unfortunately, the adsorber of our storage unit faced a severe overheating under very
high pressure of water vapor due to mishandling during commissioning of the experimental
setup. This hydrothermal stress resulted in a reduction of the adsorption capacity of the
zeolite. To determine the reduced water uptake of the zeolite, equilibrium measurements
were performed as follows:
To prepare for the measurement, the zeolite was completely dried by heating the adsorber
to 250 ◦C while applying a vacuum pump for 24 h. The evaporator was then ﬁlled with
2.8 kg of water which was partly adsorbed by the zeolite. The thermal energy storage
(TES) system was further heated to steady-state conditions for some hours, to ensure
equilibrium. Then, the valve to the evaporator was closed to maintain the water loading
in the adsorber. The remaining water content in the evaporator was then measured with a
scale. The diﬀerence between the 2.8 kg of water and the remaining water in the evaporator
equals the equilibrium water loading of the zeolite at the speciﬁed steady-state conditions.
From the equilibrium water loading w of the zeolite at diﬀerent adsorber temperatures
Tads and evaporator temperatures Tevap, we calculate the adsorbate volume W
W (w, Tads) =
w
ad(Tads)
(A.1)
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and the adsorption potential A (cf. Equation (7.2))
A(Tads, Tevap) = RTads ln
(
ps(Tads)
ps(Tevap)
)
(A.2)
for the characteristic function of the zeolite. To obtain a complete characteristic function,
we repeated the measurement procedure several times for diﬀerent temperatures. The
resulting data is shown as red dots in Figure A.1. With this data, we ﬁt the parameters
of Equation (7.1) to describe the characteristic function for the zeolite (cf. blue line in
Figure A.1).
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Figure A.1: Characteristic function for zeolite 13X according to manufacturer data (UOP) and
own measurements - reduced capacity visible.
A comparison of our measurements to manufacturer data (cf. green dots in Figure A.1)
reveals a capacity reduction to approximately 75%. A similar reduction of the adsorption
capacity has been reported for binderless zeolite 13X by Jänchen et al. [162].
A.2 Heat-transfer-ﬂuid circulation systems
In the experimental setup (cf. Chapter 5), the heat exchangers of the adsorption TES
unit are connected to circulation systems with water and a thermal oil. Relevant data on
pumps, ﬂow meters and the thermal oil are given in the following:
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Water pumps and volume ﬂow meters
The water in the circulation system is pumped with two centrifugal pumps of type Wilo-
Economy MHI 202 by Wilo SE from Hilden, Germany. The volume ﬂow rate of water
is measured with vortex ﬂow meters of type 230 by Huba Control AG from Würenlos,
Switzerland. The ﬂow control adjusts the volume ﬂow rate of water to 9 L/min.
Heat-transfer oil
The heat-transfer oil in the circulation system of our experimental setup is XW15 by
ADDINOL Lube Oil GmbH - High-Performance Lubricants from Leuna, Germany. This
synthetic ﬂuid is based on alkylbenzenes, and is applicable up to 300 ◦C. The density ,
heat capacity cp and dynamic viscosity η are given with the oil temperature T in ◦C:
oil =900.6 kg/m3 − 0.6323 kg/m3 · T/◦C − 0.0002 kg/m3 · T 2/◦C2 (A.3)
cp,oil =1.392 kJ/(kgK) + 0.0102 kJ/(kgK) · T/◦C
− 1.969 × 10−5 kJ/(kgK) · T 2/◦C2 (A.4)
ηoil =43 220Pa s · (T/◦C)−2.061. (A.5)
These equations are valid from 50 – 250 ◦C.
Oil pump and mass ﬂow meter
The oil in the circulation system is pumped with a centrifugal pump of type CY-4281-MK-
TOE Q90 by Speck Pumpen Systemtechnik GmbH from Roth, Germany. The mass ﬂow
rate of the oil is measured with a Coriolis mass ﬂow meter of type TMU015 by Heinrichs
Messtechnik GmbH from Cologne, Germany. The ﬂow control adjusts the mass ﬂow rate
of the thermal oil to mostly 300 kg/h.
Determination of heat losses of the oil circulation system
While at temperatures above its environment, the oil circulation system suﬀers from heat
losses. These losses have to be taken into account when solving the energy balance around
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the adsorber, since the temperature measurement positions of adsorber inlet and outlet
are each 0.55m from the adsorber.
For the determination of the heat losses of the complete oil circulation system, the adsorber
is bypassed and the circulation system is heated to a constant temperature until a steady
state is reached. In steady state, the heat losses of the oil circulation system equal the heat
input Q˙steady−state, in = Q˙steady−state, loss. The heat losses of the oil circulation system are
calculated considering the complete length of the circulation system (6m). A corresponding
heat-loss coeﬃcient (UA)circulation can be calculated by
(UA)circulation =
Q˙steady−state, loss
Toil,ave − Tenv , (A.6)
with the ambient temperature Tenv and an average temperature Toil,ave of the thermal oil
in the circulation system.
In the calculations in Section 6.2.2 and Section 7.2.1, the heat losses of the oil circulation
system are included with the coeﬃcient (UA)pipe−loss, which is related to the length of the
oil pipe between the adsorber and the measurement positions of adsorber inlet TA,in and
outlet TA,out. We obtain this heat-loss coeﬃcient (UA)pipe−loss by
(UA)pipe−loss = 0.55m
(UA)circulation
6m . (A.7)
Figure A.2 shows the measured heat losses of the oil pipes between the adsorber and the
measurement positions of adsorber inlet TA,in and outlet TA,out as a function of the oil
temperature Toil.
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Figure A.2: Heat losses of the oil circulation system. The error bars show the measurement
uncertainty of the heat losses.
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In Chapter 6, the eﬃciencies are calculated for the adsorber only, i.e. further losses of the
oil circulation system are neglected. For investigations of process integration, the heat
losses of the pipes connecting the storage unit with the heat sources and sinks have to be
taken into account. These losses can be signiﬁcant for long distances between the storage
unit and the corresponding process setup. Thus, a good insulation of the circulation system
is necessary.
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B Measurement Uncertainty
This appendix provides details on the measurement uncertainties of the two experimental
setups that are the basis for the thorough evaluation of our adsorption thermal energy
storage (TES) unit. We determine the expanded measurement uncertainty according to
the Guide to the Expression of Uncertainty in Measurement (GUM) [132] with a coverage
probability of 95%.
For any physical quantity Y = f(xi) which is calculated from measured values x, we
calculate the combined uncertainty uY according to the law of propagation of uncertainty
for uncorrelated values:
uY =
√√√√∑
i
(
∂f
∂xi
)2
uxi
2, (B.1)
where ∂f
∂xi
is the partial derivative of f with respect to xi.
For the measurement equipment, we refer to the manufacturers’ speciﬁcations of the
measurement uncertainty ux and assume a rectangular probability distribution, as proposed
by GUM [132]. The expanded measurement uncertainty U95%x is then calculated by
U95%x =
ux√
3
1.65 = 0.95ux. (B.2)
The measurement uncertainty of Pt100 resistance thermometers can be calculated by
uPt100 = 0.15K + 0.002 · |T − 273.15K| (B.3)
from DIN IEC 60751 [163] for class A and four-wire conﬁguration. The uncertainty of the
thermocouples K-type uTC is 1.5K according to DIN IEC 60584-2 [164] for class 1.
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B.1 Experimental setup for brewery investigations
This section contains details on the measurement uncertainty of the experimental setup
shown in Figure 4.2. The measurement uncertainty of the adsorber heat ﬂow rate U95%
Q˙Ads
is
determined according to the propagation of uncertainty [132], cf. Equation (B.1), with the
following assumptions: the relative measurement deviation of the used ﬂow meters is 1%
of the measured value according to the data sheet of the manufacturer. The measurement
deviation of the used thermometers can be calculated according to Equation (B.3). Further
uncertainties of ﬂuid properties (density  and heat capacity cp) are neglected.
The absolute measurement uncertainty of the heat ﬂow rates U95%
Q˙
of the experimental
setup (cf. Figure 4.2) is in the range of 300–800W. The relative measurement uncertainty
for the transferred heat in the adsorber U95%Qads,rel is calculated by:
U95%Qads,rel =
∫
U95%
Q˙ads
(t) dt∫
Q˙ads(t) dt
(B.4)
with the time dependent heat ﬂow rate Q˙ads(t). Equation (B.4) assumes total correlation
between the heat ﬂow rate measurements [132]. The relative measurement uncertainty of
the heat ﬂow rates during desorption U95%
Q˙des,rel
varies between 29.4 and 62%, resulting in a
relative measurement uncertainty of the transferred heat during desorption of U95%Qdes,rel =
44.1%. During adsorption, the relative measurement uncertainty of the heat ﬂow rates
U95%
Q˙ads,rel
varies between 4.9 and 17.6%. The measurement uncertainty of the transferred
heat during adsorption is U95%Qads,rel = 7.3%.
The relative uncertainty is larger for lower heat ﬂow rates, because the measured
temperature diﬀerence over the adsorber heat exchanger reached values close to the
measurement uncertainty of the thermometers. Unfortunately, it was not possible to
reduce this uncertainty, since the volume ﬂow could not be reduced. Nevertheless, for
similar experimental setups, the accuracy is much better even for lower heat ﬂow rates (cf.
Lanzerath et al. [82]). Thus, based on our experience we expect the quality of the trends
of the measured adsorber heat ﬂow rates to be acceptable.
Unfortunately, the heat ﬂow rates to the evaporator cannot be properly resolved, because
a large volume ﬂow rate leads to temperature diﬀerences over the evaporator which are
below the uncertainty of the thermometers.
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B.2 Experimental setup for adsorption thermal energy storage units
This section provides details on the determination of the expanded measurement
uncertainty U95% of the experimental setup described in Chapter 5. The expanded
uncertainties of the measurement devices and the calibrated temperature diﬀerences
are given in the following paragraphs. These uncertainties combine to the expanded
measurement uncertainty of the steady-state heat ﬂow rate U95%
Q˙steady−state, input
(cf. Table 6.1)
according to uncertainty propagation (cf. Equation (B.1)). We again neglect uncertainties
of the ﬂuid properties density  and heat capacity cp. For all values subsequently derived
from the measured heat ﬂow rates, expanded uncertainties are also calculated according to
uncertainty propagation [132].
Fluid ﬂow measurements
The measurement uncertainty of the Coriolis Mass Flow Meter TMU is given by
Equation (B.5) from the data sheet of the manufacturer (Heinrichs Messtechnik GmbH,
Cologne, Germany)
um˙ = 1.2 kg/h + 0.1 m˙/100 (B.5)
with the measured value of the mass ﬂow rate m˙ in kg/h.
Measurements of temperature diﬀerences
For the temperature diﬀerence ΔT between the adsorber inlet and outlet, a statistical
deviation was calculated from six calibration measurements. This deviation is multiplied
with the student’s t-distribution factor kt = 2.571 [165] to obtain the expanded uncertainty
of U95%ΔT = 0.057K.
The calculation of the diﬀerence of the enthalpy ﬂow rate ΔH˙oil (cf. Equation (6.2))
includes a correction with measured heat losses of the oil pipes between the adsorber
and the measurement positions of adsorber in- and outlet. These heat losses have been
estimated experimentally (cf. Section A.2) and the resulting statistical deviation from
3 measurements is multiplied with the student’s t-distribution factor kt = 12.71 [165]
to obtain the expanded uncertainty of U95%pipe−loss. A possible systematic error due to the
correction of ΔH˙oil cannot be determined. Hence, we compared our ﬁndings calculated
with and without this correction and conﬁrmed that results are qualitatively the same.
130
B.2 Experimental setup for adsorption thermal energy storage units
Pressure measurement
The uncertainty of the pressure sensor is up = 8mbar. This uncertainty leads to inaccuracies
during the determination of the heat-transfer coeﬃcients of evaporation and condensation
in Section 7.2.1.
Figure B.1 shows the evaporator heat-transfer coeﬃcient (UA)E,HX (blue line) resulting
from Equation (7.17) and the logarithmic temperature diﬀerence ΔTln (red line) throughout
the evaporator heat exchanger tube, calculated with the saturation temperature Ts of the
measured pressure in the evaporator pE. To show the inﬂuence of the uncertain pressure
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Figure B.1: Heat-transfer coeﬃcient (UA)E,HX resulting from Equation (7.17) and logarithmic
temperature diﬀerence ΔTln throughout the evaporator heat exchanger tube,
calculated with the saturation temperature Ts of the measured pressure in the
evaporator pE (red line) and an upper and lower limit with the uncertainty of the
pressure sensor up (yellow lines).
measurement on the temperature, Figure B.1 further contains the logarithmic temperature
diﬀerence ΔTln for an upper and lower limit of the pressure pE with the uncertainty of the
pressure sensor up. The inﬂuence on the temperature diﬀerence leads to a deviation of
more than 50%.
The slope of the temperature diﬀerence mainly determines the slope of the heat-transfer
coeﬃcient. Thus, uncertainties in the determination of the temperatures have a large
impact on the heat-transfer coeﬃcient in the evaporator. The low accuracy of the pressure
sensor is propagated to the temperature of the adsorptive water in the evaporator and
thus directly inﬂuences the accuracy of the heat-transfer coeﬃcient.
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C Auxiliary Model Data
This appendix provides auxiliary data of the models, which are used in this thesis. Moreover,
all simulation results of the validation measurements are given in Section C.2.
C.1 Model parameters
The model parameters used during the simulation study in Chapter 4 can be found in
Table C.1.
Table C.1: Parameter values of the adsorption TES model.
Parameter Value
mads 20 kg
cads 1000 J/(K kg)
rads 0.7mm
VE 0.04m3
CA,cas 5700 J/K
csteel 500 J/(K kg)
mE,met 3.06 kg
mA,lam 4.76 kg
Tenv 298.15K
C.2 Model validation
This section contains ﬁgures of the temperature and heat ﬂow rates from all remaining
validation measurements (cf. Table 7.4) which are not shown in Chapter 7. The
corresponding simulation accuracies are shown in Figure 7.11 and in Figure 7.12.
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Figure C.1: Validation measurement with direct discharge, Tdes = 225 ◦C and Tevap = 40 ◦C.
Top: temperatures of adsorber and evaporator. Bottom: heat ﬂow rate of adsorber,
evaporator and losses to the environment. Dashed lines show the corresponding
simulation results.
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Figure C.2: Validation measurement with direct discharge, Tdes = 200 ◦C and Tevap = 40 ◦C.
Top: temperatures of adsorber and evaporator. Bottom: heat ﬂow rate of adsorber,
evaporator and losses to the environment. Dashed lines show the corresponding
simulation results.
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Figure C.3: Validation measurement with direct discharge, Tdes = 175 ◦C and Tevap = 40 ◦C.
Top: temperatures of adsorber and evaporator. Bottom: heat ﬂow rate of adsorber,
evaporator and losses to the environment. Dashed lines show the corresponding
simulation results.
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Figure C.4: Validation measurement with direct discharge, Tdes = 250 ◦C and Tevap = 20 ◦C.
Top: temperatures of adsorber and evaporator. Bottom: heat ﬂow rate of adsorber,
evaporator and losses to the environment. Dashed lines show the corresponding
simulation results.
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Figure C.5: Validation measurement with direct discharge, Tdes = 225 ◦C and Tevap = 20 ◦C.
Top: temperatures of adsorber and evaporator. Bottom: heat ﬂow rate of adsorber,
evaporator and losses to the environment. Dashed lines show the corresponding
simulation results.
0.5 1 1.5 2 2.5
0
100
200
te
m
p
er
a
tu
re
in
◦
C TA,in
TA,out
Tcasing
TE,in
TE,out
0.5 1 1.5 2 2.5
time in h
-4
-2
0
2
h
ea
t
ﬂ
o
w
ra
te
in
k
W
adsorber
loss
evaporator
Charging Discharging
Figure C.6: Validation measurement with direct discharge, Tdes = 200 ◦C and Tevap = 20 ◦C.
Top: temperatures of adsorber and evaporator. Bottom: heat ﬂow rate of adsorber,
evaporator and losses to the environment. Dashed lines show the corresponding
simulation results.
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Figure C.7: Validation measurement with direct discharge, Tdes = 175 ◦C and Tevap = 20 ◦C.
Top: temperatures of adsorber and evaporator. Bottom: heat ﬂow rate of adsorber,
evaporator and losses to the environment. Dashed lines show the corresponding
simulation results.
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Figure C.8: Validation measurement with 2 h storage time, Tdes = 250 ◦C and Tevap = 40 ◦C.
Top: temperatures of adsorber and evaporator. Bottom: heat ﬂow rate of adsorber,
evaporator and losses to the environment. Dashed lines show the corresponding
simulation results.
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Figure C.9: Validation measurement with 2 h storage time, Tdes = 225 ◦C and Tevap = 40 ◦C.
Top: temperatures of adsorber and evaporator. Bottom: heat ﬂow rate of adsorber,
evaporator and losses to the environment. Dashed lines show the corresponding
simulation results.
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Figure C.10: Validation measurement with 2 h storage time, Tdes = 175 ◦C and Tevap = 40 ◦C.
Top: temperatures of adsorber and evaporator. Bottom: heat ﬂow rate of adsorber,
evaporator and losses to the environment. Dashed lines show the corresponding
simulation results.
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Valve opens
Figure C.11: Validation measurement with closed valve at beginning of adsorption, Tdes =
250 ◦C and Tevap = 40 ◦C. Top: temperatures of adsorber and evaporator. Bottom:
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